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The rapid development of additive manufacturing has fueled a revolution 
in various research fields and industrial applications. Among the myriad of 
advanced 3D printing techniques, two-photon polymerization lithography 
(TPL) uniquely offers a significant advantage in nanoscale print resolution, 
and has been widely employed in diverse fields, for example, life sciences, 
materials sciences, mechanics, and microfluidics. More recently, by virtue 
of the optical transparency of most of the resins used, TPL is finding new 
applications in optics and photonics, with nanometer to millimeter feature 
dimensions. It enables the minimization of optical elements and systems, 
and exploration of light-matter interactions with new degrees of freedom, 
never possible before. To review the recent progress in the TPL related optical 
research, it starts with the fundamentals of TPL and material formulation, 
then discusses novel fabrication methods, and a wide range of optical appli-
cations. These applications notably include diffractive, topological, quantum, 
and color optics. With a panoramic view of the development, it is concluded 
with insights and perspectives of the future development of TPL and related 
potential optical applications.

DOI: 10.1002/adfm.202214211

1. Introduction

Additive manufacturing (AM), also 
known as 3D printing, offers various 
advantages over other tooling and manu-
facturing methods. These advantages 
include rapid prototyping, free-from mor-
phology fabrication, minimized material 
waste, and potential cost reduction espe-
cially for low-volume production. It has 
enabled rapid progress in engineering, 
healthcare, and scientific research.[1,2] 
3D printing has revolutionized manufac-
turing processes through three catego-
ries of approaches: (1) bulk approach that 
requires printing within a material reser-
voir, such as continuous liquid interface 
production, laser stereolithography (SLA), 
digital projection lithography, two-photon 
polymerization lithography (TPL) with 
liquid resins, powder bed fusion, binder 
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jet with solid particles; (2) extrusion method, where a nozzle 
dispenses materials, for example, fused deposition modelling, 
direct ink writing, direct inkjet printing, electrospinning, sac-
rificial/embedding printing, aerosol jet printing, and (3) lami-
nated object manufacturing, that is, by layer-by-layer slicing, 
lamination of sheets or rolls.[3–13] The specific choice of a 3D 
printing method is determined by the material, structure size, 
fabrication speed, physical and chemical stability, resolution, 
accuracy, and cost.[14] As researchers are reacquainted with stun-
ning optical effects in nature, studies of micro and nanoscale 
structures in biological specimens reveal clever manipulation 
of light by exploiting physical, chemical, and biological proper-
ties of materials.[15–20] Accordingly, recent optical and photonic 
applications showcase high-resolution 3D printing, essential 
to fabricate structures with feature sizes comparable to the 
wavelength of light. To achieve high print resolutions, nanoim-
printing has been developed as it’s suitable for easy and rapid 
manufacturing with high-resolution features, while it’s gener-
ally limited to structures with dimensions no more than two 
and half.[21–24] Interference lithography also possesses similar 
advantages and is possible for 3D fabrication, but the pattern is 
not freely customized, and only limited forms of photonic crys-
tals can be made.[25,26] 3D self-assembly assisted by nanopipette 
nozzle is promising for complex 3D printing, nevertheless the 
slow printing speed, weak mechanical stability of structures, 
and easy jam of the nozzle, hindering the usage for fast and 
multiscale fabrication.[27,28] 3D nanoprinting via charged aerosol 
jets is also demonstrated, making use of magnetic fields and 
dielectric masks to control the deposition of charged particles 
or ions.[29] Finer structures can also be produced with focused 
electron/ion beam-induced deposition, but these methods are 
generally slow and costly, and suffer from the contamination 
issue during fabrication process.[30–33]

In general, a method to tightly confine energy is required 
to induce a localized reaction within a volume close to the 
resolution needed. Hence, focused beams of charged particles 
(ions and electrons) and uncharged particles, namely pho-
tons, are the clear approaches. Arguably, charged beams are 
less suited for producing 3D structures at a practicable scale 
due to the inconvenient charge mitigation strategies with con-
ductive substrate/material, ion induced material damage, and 
especially, the precise localization of electron-/ion-solid inter-
action in a 3D volume. Conversely, polymerization with light 
has been widely investigated as photon-initiated crosslinking is 
conveniently triggered in many kinds of polymers suited for 3D 
printing, thus lifting the issues mentioned above.[34–42] How-
ever, the materials illuminated within the optical beam path 

will experience some degree of polymerization when using 
the one-photon absorption (OPA) process, leading to reduced 
resolution, making fabrication of arbitrary 3D structures 
impossible.[43–51] Conversely, bearing on the imaginary part 
of the third-order nonlinear susceptibility, the nonlinear pro-
cess of two-photon absorption (TPA) is significantly different 
from OPA as the absorption cross section (ACS) is typically 
several orders of magnitude smaller than that of OPA. Practi-
cally, polymerization only occurs within a volumetric region 
where the intensity of light exceeds a threshold, achievable with 
pulsed (femtosecond) lasers. Here, TPA occurs in photoinitiator 
molecules, which form free-radicals that induce polymerization 
and crosslinking of nearby monomers, thus forming solidified 
crosslinked chains.[52–57] Under ideal conditions, the rate of TPA 
is proportional to the square of the local light intensity I, thus 
the resolution could be a factor of square root two smaller than 
the diffraction limit. The concept of TPA was first described in 
1931 by Goeppert–Mayer,[58] but the first experimental verifica-
tion of TPA was realized in 1961,[59] after Theodore Maiman 
developed the first working laser in 1960. Another 30 years later 
in the early 1990s, femtosecond laser technology was devel-
oped,[60] which enabled TPL as the laser energy can be spatio-
temporally confined to induce TPA.[61] In 2001, the “microbull” 
was fabricated with 120 nm feature size, that is, exceeding the 
optical diffraction limit at the 780 nm wavelength laser used,[62] 
sparking great development in TPL related research and appli-
cations. Currently, this technology has been well commercial-
ized into turnkey lithography solutions initially by Nanoscribe 
GmbH in 2007, and more recently with new companies, for 
example, UpNano, Multiphoton Optics, Femtika, etc. Their 
products and equipment have been widely applied to realize 
complex 3D structures in a variety of fields, for example, optics 
and photonics, biology, mechanics, acoustics, electronics, mate-
rials, etc.[63–75]

As a direct laser writing (DLW) technology, TPL is well posi-
tioned for optical and photonic applications with fabrication 
capabilities of arbitrary 3D shapes. The polymerized struc-
tures are generally transparent in the visible band, with surface 
roughness < 10 nm, thus this technology has been intensively 
investigated and used to manipulate light since its inception. 
Here, we look back at the past development of TPL on optical 
and photonic applications and pay close attention to major mile-
stones in the field, and envision future trends. The main con-
tent includes four sections (Figure 1), with fundamentals of the 
TPL principle and configuration to understand the light-matter 
interaction and operation process; different materials that can 
be polymerized in TPL, including organic photopolymers, such 
as acrylates, commercial IP-series, stimuli-responsive mate-
rials (SRM) for 4D printing, hydrogels, epoxy, and materials 
for non-TPL processes, hybrid polymers, such as metallic con-
taining materials, inorganic dielectric materials, and emitting 
materials; fabrication technologies with overall process, focus 
modulation methods, high-quality structure fabrication from 
voxel to bulk, optimization of surface roughness, fine feature 
size fabrication methods and post-processing approaches like 
pyrolysis and calcination, other points like resin flow, resin 
transparency, and refractive index (RI) measurement, also 
molding and replication methods; in the application section, we 
classified the works into diffractive optics, imaging optics, fiber 
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and waveguide optics, color optics, topological optics, quantum 
optics and optical data storage, dynamic optics and optical 
robots. In the end, we discuss the potential solutions to the cur-
rent challenges and forecast the prospects of TPL in optics and 
photonics applications, aiming to promote the fusion of related 
physics, chemistry, and materials, and deepen our under-
standing of light-matter interactions.

2. Fundamentals

The basic configuration of a TPL 3D printing system is shown 
in Figure 2a. A femtosecond laser is collimated and propagates 
through an attenuator and expander, then passing through a 
shutter, which is generally a high-speed acoustic-optic modu-
lator (AOM) to control the transmitted power of a laser beam 

with an electrical drive signal. Afterward, the beam is deflected 
by a pair of scanning galvanometers (for xy positioning) and 
reflected into an objective lens. To observe the 3D printing in 
real time, the field of view (FOV) is illuminated with a light 
emitting diode (LED) source, and the fabrication process is cap-
tured by a complementary metal-oxide-semiconductor (CMOS) 
or charge-coupled device (CCD) camera with a dichroic mirror 
in front. In TPL printing, the nonlinear absorption only occurs 
at the center of the focal spot in which place the intensity of 
laser power transcends the threshold, hence inducing the 
curing process of monomers in photoresist with the help of 
photoinitiators (Figure 2b). The uncured resist can be removed 
by post-development, thus only the designed 3D structures 
remain on the substrate.

2.1. Moore’s Law: Photons Packed in Time Equal Transistors 
Packed in Space

As the enabling technology for TPL is the ultra-short pulse laser 
sources, an overview of the progress in laser technology is pre-
sented here. In the last 20 years, the average power of ultra-
short sub-1 ps laser sources has increased by 103 times and 
table-top lasers with Pav ≈ 1 kW are readily available from sev-
eral vendors.[77] From the year 2000, the average power scales 
as Power ≈ 2N/2, in which N represents the number of years.[78] 
This trend for photons packed in time (the average power) fol-
lows the Moore’s law for transistors on a chip,[78] which is still 
driving the microelectronics industry for the last 60+ years. The 
high average power defines an availability of single pulses of 
high energy at a high repetition rate f, for example, the pulse 
energy is Ep = Power/f ≈ 1 mJ for 1 kW laser at 1 MHz repeti-
tion rate.

Ultra-short pulse lasers with tp < 1 ps and power of 1 kW at 
frequency of 1 MHz made into compact table-top tools[79] have 
been increasingly used for large-area material processing,[80] 
including applications such as formation of ablation ripples for 
anti-frosting,[81] super-hydrophobic,[82] antibacterial and sensor 
surfaces, high efficiency solar cells for breaking the Lambertian 
limit of ray-optics light trapping, which currently defines the 
efficiency of commercial solar cells.[83] The laser-textured sur-
faces with ripples have potential for use in heat-exchangers and 

Adv. Funct. Mater. 2023, 2214211

Figure 1.  Schematic of two-photon polymerization lithography with dif-
ferent aspects and applications.

Figure 2.  A typical setup of TPL 3D printing fabrication system in a) Adapted with permission.[76] Copyright 2017, AIP Publishing. b) The schematic of 
TPA induced solidification of resist at the center of focal spot.
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electro-/photo-catalysis applications, for example, hydrogen 
production. All these emerging large-area applications add to 
the earlier established laser cutting, dicing, drilling applica-
tions, which are becoming increasingly productive and com-
petitive even where large volumes > 102 mm3 min−1 of material 
should be removed/ablated with high precision, for example, in 
mechanical machining and tooling of hard materials or in den-
tistry.[84] At the fluence of Ffast  = e2Fth, in which the threshold 
fluence Fth is determined by material properties such as 
mechanical strength, bandgap, evaporation temperature, and 
melting,[80] the most efficient ablation rate for volume/time 
occurs, thus it could be employed to justify the development of 
high average power ultra-short laser sources. The heat induced 
ablation would not happen at Ffast since the pulse is short, so 
that the light energy absorption determined heat affected zone 
(HAZ) is still negligible. By fine tuning material excitation, 
accumulation of energy deposition based efficient laser abla-
tion at a minimal fluence has been recently demonstrated with 
MHz-GHz burst mode high-power ultra-short lasers. Typically, 
the most efficient ablation occurs at fluence per pulse which 
is by a factor of e2 larger than the ablation threshold.[85] The 
exponential scaling fits well with the Beer–Lambert law deter-
mined optical energy absorption, albeit it’s extracted from the 
empirical data on laser ablation rates of different materials. The 
skin depth absorption is within a region in which the intensity 
(fluence) decreases with the factor of e2 ≈ 7.4. In terms of energy 
deposition with the ultra-short laser pulse, the same scaling is 
expected for 3D TPL, as thermalization and transport out of 
the initial focus is minimal. The smallest energy required for 
ablation (removal) is evaporation but for the faster ablation it 
is ionization. Energy deposited into the electronic state during 
short pulses is coupled to matter which is heated, ionized and 
ablated afterward. Similarly, in polymerization, the energy in 
the electronic system couples to the polymer matrix, then heats 
it up and causes polymerization/crosslinking.

The average laser power defines achievable productivity and 
fabrication throughput for surface and volume patterning/
modification[86] and can be defined by the rate voxels/time of 
printing; the volume-element voxel is a convenient unit as 
it can be applied for both subtractive (−) and additive (+) 3D± 
printing at different focusing conditions (focal spot and volume 
sizes). The voxels/time can also be interpreted by a useful 
measure of printing rate in 1 s−1, that is, Hz, which is related 
to data transfer rate and is increasingly relevant for solution 
of bottleneck in data transfer rates for continuous 3D printing 
using controllers for scanners and stages.[87]

2.2. Light-Matter Interaction: Permittivity at High Irradiance

It is helpful to present basic expressions for evaluation of the 
light intensity at the focal region and changes of optical prop-
erties of material via its permittivity, a square of the refrac-
tive index. The average laser power required for 3D printing 
does not reveal the mechanism of light-matter interaction 
and energy deposition. The absorption of laser pulse depends 
on a combination of linear and nonlinear absorption path-
ways, which are intensity dependent Ip  = Fp/tp as defined by 
the fluence Fp [J cm−2 per pulse] and pulse duration tp. On 

the material side, the permittivity ε = (n + iκ)2 determines the 
reflected R, transmitted T and absorbed A parts of light energy 
A  + R  + T  = 1 (the energy conservation) according to the real 
and imaginary parts of the RI n and κ, respectively. Importantly, 
the ε(t) is time dependent and changes during the pulse as will 
be discussed further. The fluence, or energy per area defined 
by the focal spot radius r, pulse energy Ep [J], is Fp = Ep/(πr2) 
and can be very high for tight focusing into focal spots of few 
micrometers typically used in high resolution 3D TPL. It is con-
venient to define the focal spot size by the Airy disk, that is, the 
first minimum of the focused plane wave as 1.22λ/NA = 2.44λf#, 
where f-number f#  F/D expressed via focal length F and 
diameter of the beam D and the numerical aperture (NA)

NA n
f
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f

sin arctan
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2

1

2# #

=



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
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


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


 ≈ 	 (1)

it is valid as long as sinα ≈ tanα or f# > 1.2. and n is the RI at 
the focus. The Airy disk contains 86% of the laser pulse/beam 
energy. It is comparable with a transmitted power of a Gaussian 
pulse/beam through the aperture that has radius of the beam 
waist 1−e−2 = 86.5%. When the laser beam is expanded and only 
its central part is entering the objective lens (clipped on the 
entrance pupil aperture), the intensity at the focus resembles 
Airy pattern with a ring. If the Gaussian pulse/beam is closely 
matching the entrance pupil of the objective lens, the intensity 
at the focus is Gaussian-like with radial profile

I r I e r w
0

2 /2
0
2

( ) = −
	 (2)

where w0 is the waist (radius). Light localization by a Gaussian-
like pulse at I0 e−2-level is stronger (smaller spot) than the Airy-
disk. Here, we use Airy-disk spot size as a conservative estimate 
of fluence and intensity.

For practical mm-scale applications of 3D TPL, dry-objective 
lenses with high-NA = 0.9 are used, while for sub-wavelength 
resolution oil/liquid/resin immersion lenses with NA = 1.3 are 
typical. Considering typical near-IR wavelength λ  = 1 µm the 
focal spot diameter for NA  = 0.9 is 2r  = 1.22λ/NA  = 1.36 µm 
(2r = 0.94 µm for immersion NA = 1.3 case). For a tp = 200 fs 
pulse duration and pulse energy of Ep = 10 nJ, the fluence and 
intensity per pulse reads Fp = 0.69 J cm−2, Ip = 3.44 TW cm−2 
(1.57 J cm−2 and 7.86 TW cm−2 for oil immersion case). These 
estimates will be referred to when mechanisms of polymeri-
zation will be discussed next since pulses of 0.5–5 nJ are typi-
cally used at different overlap and, hence, exposure dose during 
DLW. The dependence of 3D polymerization at different ultra-
short pulse durations (sub-1 ps) and at different wavelengths 
reveals that high intensity values are required for 3D struc-
turing.[88] 3D laser polymerization conditions indeed require 
the high irradiance/intensity that compares with the ablation 
thresholds.

For comparison, these Fp  ≈ 1 J cm−2 and Ip  ≈ 5 TW cm−2 
values exceeds the ablation threshold of Si for a single pulse at 
Fp = 0.2 J cm−2 (Ip = 1 TW cm−2) for ultra-short laser pulses,[89,90] 
while a typical dielectric breakdown (ablation) threshold of 
transparent materials such as silica glass or crystalline sapphire 
is higher ≈ 12 TW cm−2. Based on the Drude model, at the die-
lectric breakdown when a strongly ionized material transfers 

Adv. Funct. Mater. 2023, 2214211
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into a plasma state, the real part of permittivity becomes ℜ(ε) 
= 0 (the definition of dielectric breakdown). The plasma fre-
quency depends on electron density and electrons are following 
the driving light E-field. At a high intensity and pre-breakdown 
conditions, the material enters a transient epsilon-near-zero 
(ENZ) state ε = (n2 − κ2) + i2nκ with n ≈ κ, which can be consid-
ered a transition from dielectric-to-metal (Die–Met).[91]

Remarkable changes in absorbance and reflectance are 
taking place at the ENZ state (the Die–Met transition). Dielec-
tric material changes from the state with ε > 1 to ε < 1, or nega-
tive, where n < 1 and κ > n, ℜ(ε)  ℜ(ε′ + iε′′) = ε′ < 0, when it 
is approaching to the dielectric breakdown conditions ε → 0. At 
the ENZ condition ε ≈ 0, the perfect absorber A = 1 is also a per-
fect emitter Eem = 1 or A  Eem,[92] hence the maximum absorp-
tion with ENZ is exceedingly beneficial to the laser fabrication. 
Energy deposition depth is the skin depth at the conditions of 
exposure labs  = c/(2ωK) (for intensity I) and can be sub-wave-
length at high (pre-breakdown) intensity, where c is the speed 
of light and ω  = 2πK is the cyclic frequency. Reflected light 
from the ENZ region experience π-phase shift when permit-
tivity transfers from ε > 1 to ε < 1. This affects near-field optical 
energy distribution and deposition in the subwavelength region 
to the ENZ volume.[93,94] Since the ENZ-state of material is 
defined by strongly changing values of ε ∝ n, κ, it is appropriate 
to define them by instantaneous permittivity ε(t) and contrib-
uting to the light-matter interaction via a linear mechanism via 
defined n(t) and κ(t), rather a nonlinear augmentation to the 
permittivity via optical nonlinearities. This approach is used in 
the discussion of energy deposition.

2.3. Energetics of 3D Laser Polymerization/Printing

Typical 3D polymerization is carried out at Ip = 1 TW cm−2 per 
pulse applied with scanning speeds vs for a strong overlap of 
pulses (N  ≈ 10–100 along scan) over the diameter of the focal 
spot 2r at repetition rate of f and defines the exposure dose for 
the resulting modification, for example, degree of crosslinking 
of photoresist.[86] Comparison of exposure doses is the most 
relevant parameter between different materials and irradiation 
conditions, since the absorbed energy of light is the primary 
cause of the final state of 3D polymerization, which has also 
other important contributions from temperature and diffusion 
of chemical species participating in polymerization and taking 
place over several orders of magnitude in time, from ps-to-µs. It 
is instructive to compare the dose for 3D polymerization using 
fs-laser pulses with the dose used in photolithography using 
cw-laser or UV-lamp exposures. This is of particular relevance 
since the same photoresists and resins developed and photo-
sensitized for UV light exposure become popular for near-IR 
fs-laser polymerization, hence, linear vs. nonlinear optical 
exposure. Photoresists (negative and positive tones) produced 
for UV lamp or laser exposure need 0.1 J cm−2 dose for high 
contrast definition of patterns and a high rate of development 
RD ≈ 100 nm s−1.[95] The development rate RD vs exposure dose 
ED–the Hurter–Driffield (H–D) retention curve—is a step-
like function with the slope at its maximum defining contrast 
of the resist at the exposure wavelength for the direct (linear) 
absorption

R

E
s

D

D

ln

ln
maxγ = ∂

∂
	 (3)

The highest γs slopes are at 20–80 mJ cm−2 dose window. 
Similar doses have to be accumulated for 3D fs-laser polymeri-
zation only via nonlinear energy deposition mode since expo-
sure wavelength is inside a transparency window of photoresist 
matrix materials as well as photoinitiators doped at mm concen-
trations (≈ 0.1% by number density).

2.3.1. Multiphoton vs. Tunneling Ionization: Adiabaticity and the 
Keldysh Parameter

The dominance of multiphoton vs. tunneling ionization is 
defined by the adiabaticity or Keldysh parameter γ. It is shown 
below that classical, multiphoton absorption is more important 
than tunneling. This analysis assumes free carriers genera-
tion in the laser exposed material (photopolymer). The average 
intensity of the laser pulse is described as

I c E cB E Ba / 2 / 2 / 20 0
2

0
2

0 0 0 0ε µ µ( ) ( )= ≡ ≡ 	 (4)

in which ε0, µ0 are the permittivity and permeability of free 
space, respectively, E0 [V m−1] is the electrical field amplitude, 
B0 = E0 c−1 [T] is the maximum magnetic field amplitude. The 
laser pulses generated electrons are regulated with the instanta-
neous intensity I ∝ EB in time, and for the Gaussian ultra-short 
laser pulse, the peak intensity is twice the average intensity Ip.

The nonlinear character of light-matter interaction is defined 
by the adiabaticity or Keldysh parameter γ. It is possible to reach 
tunnelling ionization threshold of materials at high irradi-
ance/intensity once the surface or a volume of sample receives 
higher laser pulse intensity without air breakdown. The adiaba-
ticity or Keldysh parameter:[96]

mE

eE

g

t

2

laser

γ
ω ω

ω
= = 	 (5)

in which Eg is the bandgap energy of material, Elaser [V m−1] is 
the electrical field at the peak intensity Ip, e, m are charge and 
electron mass (the effective mass in material), respectively, ω = 
2πc l−1 is the central angular frequency of ultra-short laser pulse, 
and ωt = eElaser/ mEg2  is the tunnelling frequency. When the 
photon energy is smaller than the bandgap ω < Eg ℏ−1, where ℏ 
is the reduced Plank’s constant, Equation 5 is effective. For the 
classical case, that is, γ ≫ 1, also called as large frequency and 
moderate (low) field condition, the multi-photon absorption 
dominates. For the quantum case, that is, γ ≪ 1, also called as 
low frequency, high-field conditions, the tunnelling ionization 
dominants. When the required energy for electron tunnelling 
through the barrier is smaller than the incident photon energy 
ωt < ω, the tunnelling is less efficacious in material ionization. 
Here, the flight time of an electron through the potential bar-
rier determines ωt as ωt ∝ 1 time−1.

The parameter of γ could also be defined by the elec-
tron energy ee and its variation in one collision ∆ee since 
γ = ee∆ee (ℏω)−2. the energy an electron gains by the end of the 
laser pulse of tp duration is
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A

l n
I dte

e

p

tp

abs
0∫ε = 	 (6)

where A is the absorbance (A = 1 − R), ne is the electron den-
sity.[97] In such definition energy exchange between electrons 
that absorb light and solid state host matrix is evident. The 
change of electron energy is

e
2 osc

2

eff
2 2

ε ε ω
ν ω

∆ =
+

	 (7)

that is determined by the electron quiver energy and effective 
electron-phonon collision frequency as following

e E

me4
osc

2 2

2
ε

ω
= 	 (8)

The value of γ will be larger than 1 and the classical multi-
photon absorption will dominate the ionization rate, if the elec-
tron energy ee and ∆ee  ≈ eosc are both larger than the photon 
energy. Therefore, for dielectric breakdown of silica or sapphire 
at 13 TW cm−2, it yields γ = 2 for Eg = 10 eV and λ = 1 µm, hence, 
the classical rather quantum (tunnelling) case dominates. For  
1 TW cm−2 used in 3D polymerization, γ = 4 for λ = 1 µm and 
bandgap of Eg  = 3 eV. The multiphoton seeding of electrons 
and their avalanche ionization that emerges at an irradiance 
of ≈TW cm−2 at room conditions are key mechanisms.[98] Ava-
lanche is the dominant factor at the longer near-IR wavelengths 
since avalanche rate scaling as λ2 (the free carrier absorption).

2.3.2. Nonlinear Energy Deposition in 3D Space

In additive 3D+ manufacturing, for example, metal powder sin-
tering by lasers, an energy deposition per volume [J cm−3] is 
the defining parameter. The presented above analysis using flu-
ence and intensity is established in light-matter interaction and 
surface ablation, however for 3D structuring by polymerization 
or material modification inside the volume of transparent mate-
rial, the energy density is arguably the useful parameter.

The next part describes the absorbed energy and corre-
sponding axially spatial localization. Here, The imaginary 
part of the RI determines the skin depth inside an optically 
excited dielectric material, because for electric field (E), it’s 
labs = c (ωK)−1 = λ (2πK)−1 and for the intensity I ∝ E2, it’s labs/2. 
At the end of the laser pulse, the absorbed energy density is 
Wabs  = 2AFp/labs [J cm−3], in which the integral fluence for a 
pulse is

F I t dtp

tp

0∫ ( )= 	 (9)

Here, R is the reflectance and A = 1 − R is the absorbance. 
I(t) is the temporal envelope of intensity. The imaginary part 
variation of permittivity at high excitation inside a dielectric 
is:[99]

ε
ω
ω

ν
ω

ν
ω

( )∆ = n

n
d

e


im

pe
2

2

eff

cr

eff 	 (10)

in which ωpe  = e2ne  (ε0me)−1 is the cyclic electron plasma fre-
quency, ε0 is vacuum permittivity, ne is the electron density, 
ncr = ε0ω2me e−2 is the critical plasma density at the frequency 
of ω  = 2πcλ−1. For instance, the ncr is 1.05 × 1021 cm−3 at the 
wavelength of λ  = 1030 nm, while the value changes to 
4.2 × 1021 cm−3 at the second harmonic wavelength of λ/2; for 
comparison, the molecular densities of air 2.9 × 1019 cm−3 and 
water 3.34 × 1022 cm−3.

In dielectric medium, the permittivity at the ENZ conditions 
is

ε ε κ( )+ × ∆ = +n i n i nd d 20
2

im 0
2

0 	 (11)

where index im represents the imaginary part and n0 is the real 
part of an unperturbed RI. The skin depth is expressed as:[99]

λ
πκ

λ
π ε ν( )

= =
∆

=l
n cn n

nd e2

2
abs

0

im

0

eff

cr
	 (12)

that determines the energy deposition localization along the 
axial direction, then the density of absorbed energy is written 
as:

ν= ∝W A
cn

n

n
F

n

n
Fe

p
e

pabs 0
eff

0 cr cr

	 (13)

where A0  4n0/[(n0 + 1)2 + κ2] is the unperturbed absorbance. 
The above equation shows that the most efficient energy depo-
sition appears when the electron density ne is close to the crit-
ical plasma density ncr. As absorption of fs-laser pulse creates 
ENZ region at the focus, a positive feedback loop establishes, 
which further localizes energy deposition at a shallower depth 
along propagation. When the electron density ne  ∝ Ip

n  ≈ Fp
n 

generated by n−photon process approaches the critical density, 
the nonlinear absorption induced electron generation starts 
to saturate. The volume acts like a metal when the dielectric 
breakdown εd  0 is reached, in which the energy absorption 
is proportional to the fluence, that is, Wabs ≈ Fp at ne = ncr. In 
addition, TPA with electron density following a ne ∝ Fp

2 power 
dependence (i.e., slope = 2) would result in Wabs ≈ Fp

3 energy 
deposition per volume.

As 3D laser polymerization, nanogratings formation, struc-
tural damage, and so on, happens inside a strongly local-
ized volume defined by strongly absorbing ENZ state, and 
compared with the fluence or intensity Fp  ∝ Ip, the absorbed 
energy density in the volume Wabs is relevant for the definition 
of optical nonlinearity. A shallow energy deposition into skin 
depth is important for the 3D laser polymerization as well as 
ablation. With high repetition rate and small pulse energy of 
MHz–GHz,[100] the delivered energy can be optimized for the 
most precise modification in the burst mode. In this mode 
of ablation, 3D removal of material approaches a controlled 
evaporation, which requires the smallest energy required for 
ablation (removal of material). Interestingly, in respect of the 
pulse energy Ep (and Fp), the material removal by bursts is 
with a second order slope = 2,[100] which is characteristic of the 
direct absorption by photoexcitation of electrons according to 
the discussion presented above. It is consistent with Wabs ∝ (ne 
/ncr)Fp ∝ Fp

2 since ne ∝ Fp as observed in experiment.[100]

Adv. Funct. Mater. 2023, 2214211
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Importantly, a self-focusing power threshold is usually never 
reached for 1–10 nJ pulses (powers per pulse 5–50 kW per pulse 
for 200 fs pulse) and the interaction volume is localized within 
the focal volume that has depth-of-focus of double Rayleigh 
length 2zR  = n0πr2  λ−1 inside material with RI n0. The energy 
deposition along this length depends on linear and nonlinear 
absorption as defined by intensity decrease along propagation 
direction (z-axis)

α β− = +dI

dz
I I 2

	 (14)

where α = 4πK λ−1 is the linear and β = σ(2)NTPA/Ehν [cm W−1] is 
TPA coefficients, respectively, NTPA [cm−3] is the density of TPA 
absorbing molecules, photon energy is Ehν = hν [J] and σ(2) [cm4 
s molecule−1] is the TPA cross section in unit of 1 GM (Goep-
pert–Mayer) = 10−50 cm4 s molecule−1. Comparison of α with 
βI, which both have the same units of absorption coefficient, 
allows to determine the corresponding contribution of linear 
and nonlinear absorption in energy deposition. Since photo
excitation at high pre-breakdown intensities ≈ 1 TW cm−2 leads 
to permittivity changes and formation of ENZ, the absorption 
becomes time dependent α(t) ∝ κ(t) and evolves on an ultra-fast 
time scale due to its electronic nature. Another factor contrib-
uting to an increasing weight of the linear term in absorption is 
due to the argument of number density of absorbers. A typical 
doping of a nonlinear TPA absorbing photoinitiator is on order 
of ≈mm (10−3 or 0.1% in terms of the molecular number den-
sity), while ENZ evolution is driven by excitation of the host 
matrix, which has a high molecular number density ≈ 100%. It 
is noteworthy that the here discussed a linear absorption term 
of αI is changing during the pulse and has a nonlinear char-
acter due to free carrier generation while the usual nonlinear 
TPA βI2 term is defined nonlinear photoexcitation.

The TPA coefficients β and σ(2) are not usually provided by 
vendors of photoresists/resins and seldom measured. Appar-
ently, β ≈ 20 cm TW−1 is required for TPA polymerization.[101] 
This corresponds to σ(2) = 129 GM considering a 0.1% molecular 
density of photoinitiator in the host polymer matrix Nhost = ρNA/
Mhost [cm−3] for typical resist molar mass Mhost  ≈ 234 g mol−1 
and mass density ρ  = 1.2 g cm−3,[102] the Avogadro number 
NA. At typical Ip  ≈ 1 TW cm−2 intensities used in 3D polym-
erization, βI  ≈ 20 cm−1, which is not a large absorption con-
tribution via TPA. The strong absorption is defined by αd  >1, 
where d is the length of absorption, for example, for d = 1 µm, 
α = 104 cm−1. Moreover, estimates of σ(2) ≈ 1–10 GM are more 
realistic[103] also considering a spectrally narrow resonant TPA 
band.[104] The actual contributions to a cumulative absorption 
coefficient αc  α  + βI along the axial depth of focus ≈ 2zR, 
requires knowledge of the fast-changing permittivity (ENZ. i.e., 
Die–Met state), hence, reflectance and absorbance as well as the 
axial extent of energy deposition (the skin depth). The required 
formulae presented above allows for estimation, while the exact 
values will depend on the irradiation conditions and photore-
sists. The known energy density in volume Wabs [J cm−3] is a 
useful parameter to reveal mechanism of 3D polymerization.

The final note to the described above energy deposition and 
polymerization is the local heating of the focal volume. Laser 
repetition rate Rrep and the exothermic nature of polymerization 

can contribute to modification of polymerization and 
crosslinking, which needs further investigations. However, the 
temperature rise at the focal spot can be readily estimated.[99] 
The thermal accumulation model was adopted to analyze multi-
pulse thermal accumulation in polymerization.[105] For a single 
pulse, the size of focal spot df, the diffusional cooling time is 
calculated as tth = df

2/Ddif, where Ddif = kT/Cpρ is the heat diffu-
sion coefficient of resist, kT and Cp are the thermal conductivity 
and the specific heat capacity of resist, ρ is the density of the 
resist. For the temperature rise by one pulse T1, the tempera-
ture accumulation for N pulses is defined as:[99]

β β β β
β( )= + + + + = −

−
T T Tn

N
N

1 ···
1

1
1

2
1 	 (15)

where, β  =  √(tth/(tth+1/Rrep)). This formula allows one to esti-
mate the thermal accumulation effect, which could contribute 
to polymerization. It is also noteworthy that the energy den-
sity has the unit of pressure J m−3 = Pa and, at high intensity, 
the structural failure of photopolymer indeed has signature of 
expanded focal region.[88]

3. Materials

Until recently, the majority of materials employed in TPL were 
developed for classic UV lithography or stereolithography appli-
cations. It is only during the last decade or so that materials 
specifically designed for TPL usage started to emerge. In all 
cases, however, the main constituents of these materials are the 
same: (i) a monomer/oligomer mixture, which will cross-link 
to allow the fabrication of a 3D structure and (ii) a photoini-
tiator, a molecule that will absorb simultaneously two-photon 
of the incident light, in order to produce the active species and 
eventually induce polymerization.[67,106] Several combinations of 
monomer/oligomer and photoinitiators have been investigated 
in TPL.[107–109]

Like the case in UV lithography, there are both positive and 
negative TPL photoresists. The most widely used and tested are 
negatives photoresists,[110–112] in which two-photon exposure 
of the photoresist results in a cross-linked or polymerized 3D 
structure, allowing the uncured photoresist to be washed away 
after printing. In positive photoresists,[113] light exposure leads 
to molecule chains to break apart, following by the creation of 
shorter chains that will then in the development step be dis-
solved and washed away. The materials that are used as TPL 
photoresists can be a liquid, a gel or a solid. Also, they can con-
sist exclusively of organic molecules, or can be organic–inor-
ganic hybrids. Generally speaking, the following requirements 
should be fulfilled for a suitable TPL photopolymer: (1) con-
taining monomers, oligomers, or a mixture of those, which will 
connect during the TPL process to form the polymer skeleton 
making up the structure, (2) being completely transparent to 
the wavelength of the laser used for TPL, (3) at least one sol-
vent that dissolves the monomer but not the final polymer, 
which is for development of structure and removal of the non-
polymerized resin, (4) for the laser power used for TPL, The 
ablation threshold of the resin should be higher than its mul-
tiphoton polymerization threshold. In the following sections we 
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will describe the most widely used TPL photopolymers in optics 
and photonics.

3.1. Organic Photopolymers

3.1.1. Acrylates

Acrylate resins are the first group of materials that was used 
for TPL,[126] Acrylate monomers still possess a significant role 
in the research area of TPL, as well as in industry, as they have 
a variety of properties that make them attractive. Acrylic mono-
mers are in general low-cost and widely available, existing in a 
variety of formulations and compositions, thus they can provide 
functionalization. Additionally, they can be easily processed via 
spin coating or drop-casting, also transparent at the visible and 
the near-infra-red wavelengths, using a high polymerization 
speed and they can be dissolved in common solvents. Con-
cerning the polymerized acrylate structures, they exhibit dif-
ferent shrinkage ratios with different printing parameters, and 
show mechanical and optical stability.[127–130]

Commercial IP-Series: The need for more commercial pho-
tosensitive materials for TPL leads the Nanoscribe GmbH 
company to develop a variety of materials called the IP-series. 
These resins paved the way to the fabrication of structures with 
extremely large heights with high beam scanning speed, as 
some of them act as an index-matching liquid during the TPL 
procedure.[131] Moreover, due to their specialized properties, 
fabrication of accurate optical structures with low roughness 
and 3D-sctructures with high aspect ratios and low shrinkage, 
were enabled with favorable mechanical stability.[132] In addi-
tion, these photosensitive materials are capable of bio-photonic 
applications as they show biocompatibility and low autofluores-
cence. More applications of these materials have been investi-
gated such as micro-optics,[133,134], microfluidics,[135] diffractive 
optical elements (DOEs),[136] microelectromechanical systems 
(MEMS),[137] and medical sciences.[138] Except the widely used 
IP-Dip, IP-L, and IP-S, the newly developed high transpar-
ency IP-Visio, high refractive-index photoresin IP-n162, and 
flexible IP-PDMS, may extend the research field and inspire 
more interdisciplinary researches. IP-series resists are available 
exclusively to Nanoscribe GmbH customers.

Stimuli-Responsive Materials: Stimuli-responsive mate-
rials (SRMs) are materials that can vary their configuration 
over time upon external stimuli, such as temperature,[139–141] 
humidity,[142,143] light,[144–146] electricity,[147,148] and mag-
netic field.[149,150] Recently, SRMs have been introduced to 
TPL,[114,151–159] and structures with micron and nanoscale fea-
ture sizes have been achieved.

Early works in this field began with shape memory poly-
mers (SMPs). Zhang et al. developed a Vero Clear based SMP 
resin suitable for TPL.[114] To tune the mechanical properties of 
the Vero Clear, an 2-hydroxy-3-phenoxypropyl acrylate (HPPA) 
based elastomer was added to the photoresist at different ratios. 
With the customized resin, features at a resolution of ≈300 nm  
was achieved, which is ≈10 times higher than traditional high-
resolution printing methods such as DLP[139] and SLA.[160] The 
printed structures can switch between the as-printed state 
and deformed state, due to the switch of geometry between 

the as-printed and deformed states (Figure 3a). In a following 
work,[115] they developed a stiff SMP suitable for TPL, which is 
an acrylic acid (AAc) and HPPA copolymer SMP crosslinked by 
dipentaerythritol penta-/hexa-acrylate (DPEPA). By tuning the 
ratio of the crosslinker, storage modulus as high as 100 MPa in 
the rubbery state can be obtained, which is one order of mag-
nitude higher than previous reports. Benefiting from the high 
storage modulus in the rubbery state, the deformed and touched 
high-aspect-ratio nanopillars can recover to the as-printed state 
by overcoming the van der Waals force upon heating to 150 °C. 
Reconfigurable structural color with resolution ≈21 150 dpi was 
demonstrated with these SMP nanopillars (Figure 3b).

Contactless programmable materials such as ionogel, liquid 
crystal elastomer (LCE), and electrically controllable materials 
can be considered when the mechanical programming process 
for SMPs is not possible, which is not convenient at micron and 
nanoscale for tunable optical devices. Delaney et al. developed an 
ionogel photoresist can be used for printing at submicron reso-
lutions, which can realize reversible response to different vapors 
under atmospheric conditions.[116] They dissolved acrylamide 
monomer, pentaerythritol triacrylate crosslinker, and 7-diethyl-
amino-3-thenoylcoumarin photo-initiator into a tetrabutyl phos-
phonium chloride ionic liquid. They printed grids with submi-
cron features by this customized ionogel photoresist by TPL. 
In the presence of water vapor, they observed a rapid change of 
structural color of the printed photonic arrays (Figure 3c).

3.1.2. Hydrogels

Another group of materials that has been studied extensively 
in TPL are hydrogels, which have been previously used in the 
realm of drug delivery and tissue engineering, but are still quite 
new in the optical fields. They possess similar constituents 
of the cell extracellular matrix (ECM), making them the per-
fect candidate for mimicking the cell’s 3D environment.[161,162] 
There are three groups of commonly used hydrogels: natural 
materials, modified natural materials and synthetic hydrogels. 
The natural materials are mainly developed by using proteins 
such as fibrogen, silk, bovine serum albumin (BSA), and col-
lagen.[163–171] The use of the above-mentioned macromolecules 
made it possible to synthesize biobased materials without ini-
tiators, thus these materials exhibit lower cytotoxicity than 
the commonly used TPL photoresists.[172–174] Although natural 
materials are the closet imitation to the ECM, their mechanical 
properties are not ready for 3D scaffolds. To deal with this issue, 
researchers move to the modification of the natural polymers 
for use in TPL. This was fulfilled by adding acrylate and meth-
acrylate groups to natural polymers such as gelatin,[175] poly-
lactide,[176] chitosan,[177] acrylated epoxidized soybean oil,[178,179] 
and vegetable oil epoxy resins.[180] The hydrogels are suitable 
for making biocompatible, flexible, degradable, or absorbable 
optical elements or devices on skin or inside bodies.

3.1.3. Epoxy

SU-8 is a unique epoxy-based photoresist, which can be polym-
erized via TPL, as it possesses eight epoxy groups per monomer. 

Adv. Funct. Mater. 2023, 2214211
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Figure 3.  TPL of different materials for optics and photonics. a) Printing SMPs at submicron scale. Scanning electron microscope (SEM) images of 
SMP structures before and after programming and after recovery, respectively. Reproduced under terms of the CC-BY license.[114] Copyright 2021, the 
Authors, published by Nature Publishing Group. b) Stiff SMPs for high-resolution reversible nanophotonics. I,II) The deformed and recovered nanopil-
lars under optical microscope and SEM, respectively. Reproduced with permission.[115] Copyright 2022, American Chemical Society. c) Vapor-responsive 
photonic arrays. I–IV) Optical image of a grid array in air, in water vapors ≈ 20 s, saturation with water vapors ≈ 88s, and after the gas flow stopped, 
respectively. Reproduced under terms of the CC-BY license.[116] Copyright 2021, the Authors, published by Royal Society of Chemistry. d) SEM image of 
a 40-layer face-cantered-cubic photonic structure printed by SU-8. Reproduced with permission.[117] Copyright 2004, Nature Publishing Group. e) SEM 
image of helices with an axial pitch of 800 nm and a radius of 800 nm fabricated by the two-step absorption photoresist. Reproduced with permission.[118] 
Copyright 2021, Nature Publishing Group. f) 3D photonic crystal structures produced by TPL of low shrinkage hybrid photoresist. Reproduced under 
Optica Publishing Group Open Access Publishing Agreement.[119] Copyright 2009, the Authors, published by Optica Publishing Group. g). SEM image 
of a grating structure with pitch size of 4 µm (inset: zoomed backscattered electron image) by TPL of sub-wavelength metallic structures in a polymer 
matrix. Reproduced with permission.[120] Copyright 2010, Wiley–VCH. h) AM of high-refractive-index nanoarchitected titanium dioxide. I) A schematic 
of the woodpile. II–IV) SEM images of the sintered titanium dioxide woodpile structures with 1120, 1030, and 840 nm lateral pitch size, respectively. 
Reproduced with permission.[121] Copyright 2020, American Chemical Society. i) TPL of Glassomer materials. I) Micro-filter element of fused silica glass 
printing by TPL. II,III) Tilt and side view of the printed fused silica glass upright lens. Reproduced under terms of the CC-BY license.[122] Copyright 
2021, the Authors, published by Wiley–VCH. j) 3D-printed silica with nanoscale resolution. I–III) SEM images of 3D-printed fcc lattice truss structure, 
diamond lattice truss structure and disc-on-truss structure, respectively. IV–VI) Zoomed-in SEM images of the corresponding structures in panel I–III. 
Reproduced with permission.[123] Copyright 2021, Nature Publishing Group. k) 3D printing of micrometer-sized transparent ceramics. I–III) SEM images 
of printed polycrystalline structures after heating to 1500 °C. IV) Top view optical image of the splitter heated to 1500 °C while illuminated by a laser in 
the center. Reproduced with permission.[124] Copyright 2020, Wiley–VCH. l) TPL of light emitting materials. I) SEM image of woodpile with pitch size 
of 350 nm fabricated by TPL with quantum dots photoresist. II–IV) Photoluminescence images of printed polymer grids containing quantum dots with 
emission peaks at 460, 510, and 620 nm, respectively. Reproduced with permission.[125] Copyright 2019, Wiley–VCH.
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It was originally developed for LIGA (Lithographie, Galvanofor-
mung, Abformung—lithography, electroplating, and molding), 
a lithographic process for producing high aspect-ratio nano-
structures. As radical polymerization is the most common pro-
cess, the only composite that employs ions to be cross-linked is 
SU-8. It is from the early steps of the TPL, extensively used in 
the conventional 3D-laser lithography, due to its good process-
ability, high resolution, and high mechanical strength.[112,181–185] 
As it can be easily casted in films up to 500 µm thickness, 
which leads to 3D structures with high aspect ratios and excel-
lent feature sizes. SU-8 is a low-cost material that needs to be 
heat-treated after polymerization, improving thermal stability in 
related applications.[186–188] Last but not least, it’s transparent in 
the visible and highly resistant to traditional solvents, making 
it suitable for many applications such as microfluidic,[163] 
photonic (Figure 3d),[117] biomedical structures.[189]

3.1.4. Materials for Non-TPL Processes

Using some of the above-mentioned group of materials, a new 
way of fulfilling the TPL process was presented in the work of 
Vincent et  al.[118,190] Specifically, simultaneous TPA is replaced 
by consecutive two-photon polymerization, as a way to mini-
mize the laser cost of the 3D printing and maximize the spatial 
resolution (Figure 3e). Common photoinitiators were used such 
as the quencher bis (2,2,6,6-tetramethyl-4-piperidyl-1-oxyl) seba-
cate (BTPOS) and the IP-Dip material to achieve fabrication of 
3D printed structures, by a continuous-wave source and two-
step absorption.

Another approach for TPL was demonstrated recently,[191,192] 
in which triplet–triplet annihilation (TTA) paves the way to sub-
micron resolution 3D printing inside the resin using an inco-
herent and low intensity LED source. Limberg et  al. selected 
pairs of palladium (II) octaethylporphine (PdOEP) as the sen-
sitizer and 9,10-diphenylanthracene (DPA) as the emitter, here 
the sensitizer was first excited with a green laser, ultimately 
leading to the triplet energy transfer from sensitizer to emit-
ters, and TTA of closed two triplet emitter molecules.[191] The 
resulting high-energy singlet emitter transfers energy to the 
photoinitiator. As the concentration of TTA shows a quad-
ratic dependence on the excitation intensity, it leads to similar 
results with the TPL. Therefore, the TTA can also generate 
spatially confined excitation near the focal point of light. The 
resolution of their structure is higher than that of 3D printing 
using lanthanide upconversion nanoparticles that upconvert 
infrared to UV light because polymerization using those nan-
oparticles depends on the surface area of the particles in the 
photoresist.[193]

Moving on with the non-TPL processes, TPL is a powerful 
DLW technique, but it lacks in fabrication speed, due to the 
point-by-point and layer-by-layer printing method.[194] Volu-
metric 3D printing has been recently introduced, using tomo-
graphic principles.[195–198] Specifically, tomographical illumi-
nation was applied in computed axial lithography to print 
transparent silica glass with high-viscosity resins.[199] Besides, 
the development in different ways of nanofabrication lead to a 
proposed scenario by Liaros et al.,[200] where resonance energy 
transfer in a donor–acceptor pair is presented for writing 3D 

features in the far field. In this method, the donor will be a rad-
ical-producer molecule upon excitation, that is, acrylate resins, 
whereas the acceptor will not. Therefore, the population of 
excited donors will depend nonlinearly on the excitation inten-
sity, which means that this will be a sequential two-photon pro-
cess that involves real states. The benefit of the sequential two-
photon process is that the excitation is resonant, and therefore 
low-power cost, continuous-wave lasers can be used to localize 
the generation of radicals within the focal volume, enabling 3D 
writing.

3.2. Hybrid Materials

One of the most common group of materials used for TPL is 
the hybrid organic–inorganic photoresists. The combination of 
the contradictory properties of the organic and the inorganic 
part of these materials makes them stand out in the competi-
tive area of the TPL materials. Specifically, the organic part 
can achieve the tuning of the mechanical properties, the con-
trolling of the porosity, and mainly bring extra physical or bio-
logical properties to the material. Whereas the inorganic part 
makes the material thermally and mechanically stable. It is also 
possible to vary the RI of the hybrid and lastly contributes to 
electronic, electrochemical chemical, or active photonic prop-
erties. These materials are mostly developed via the sol–gel 
method.[110]

3.2.1. Metallic Containing Materials

Silicon-based organic–inorganic metallic elements containing 
materials are widely used as they combine the versatile prop-
erties of the hybrid but there are also optically transparent in 
the visible and commercially available.[201–204] The generally 
studied silicate materials is the ORMOCER® (Organic Modi-
fied Ceramic), which has been applied in numerous photonic 
applications, and also as a scaffold for cell growth and biomol-
ecule immobilization applications.[205–209] Combining silicon 
alkoxides with monomers and other metal alkoxides makes the 
modification of the material properties possible for specific TPL 
applications, such as the silicon–zirconium hybrid SZ2080™, 
which is a transparent, biocompatible, and mechanically stable 
hybrid that can be used for complex 3D structures without 
shrinkage (Figure  3f).[119,210–216] So far, different variants of 
silicon–zirconium composites have been investigated. Besides 
zirconium,[217,218] other materials have also been employed 
such aluminum,[219,220] titanium,[121,130,221,222] silver,[223] vana-
dium,[224] nickel,[225] zinc,[226] germanium,[227,228] ionogel,[229] 
and graphene.[229]

For other hybrid materials, Baltriukiene et  al. investigated 
on organometallic polymers containing Al and compared them 
with other metal precursors.[219] They achieved a high resolution, 
reaching < 200 nm feature size of the line and 3D structure. 
These results were comparable to those obtained using other 
organometallic polymers. The Al-containing structures under-
went minimal shrinkage and deformation during the develop-
ment process. Another approach is to use a metal salt reduc-
tion method to form conductive structures by 3D printing.[230] 

Adv. Funct. Mater. 2023, 2214211
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An interesting case is the vanadium one, which self-generates 
radicals by photoinduced reduction of the metal species, and 
until now it’s the only element for redox multiphoton polym-
erization. Many groups have reported Au precursors (gold(III) 
chloride trihydrate) because Au is more stable and has higher 
conductivity than other elements.[120,231–237] Shukla et  al. dem-
onstrated the fabrication of periodic structures comprising Au 
nanoparticles generated in situ and embedded in a matrix of 
the negative photoresist SU-8 (Figure  3g).[120,231] They recently 
reported that a plasmonic mesh structure using a Au precursor 
fabricated over a large area, and structural coloration was dem-
onstrated for the optical applications.[237]

3.2.2. Inorganic Dielectric Materials

It should be noted that, to obtain a structure with almost pure 
inorganic composites, the post-sintering process is necessary 
to remove the organic polymers. These inorganic structures 
have different optical and mechanical properties compared 
to their organic counterparts. Using this strategy, Vyatskikh 
et  al. developed a process to print 3D woodpiles of titanium 
dioxide.[121] They used a ligand exchange reaction to get tita-
nium (IV) acrylate precursor. The precursor was polymerized 
into complex 3D woodpiles by TPL in the presence of initiator 
(7-diethylamino-3-thenoylcoumarin) and crosslinker (pentae-
rythritol triacrylate). After printing, the woodpiles were pyro-
lyzed and the sintered structures shrunk by 60%. The main 
composition of the sintered structures is measured to be rutile 
titanium dioxide with RI of ≈2.3. By varying the period of the 
sintered woodpiles (Figure  3h), they experimentally obtained 
band gap centers at 1.8–2.2 µm wavelength. Another exten-
sively investigated material is glass. Kotz et al. achieved the 3D 
printing of glass, by using a conventional photopolymer mixed 
with SiO2 nanopowder.[238] Moving forward, in order to keep 
the superior mechanical, thermal and chemical properties of 
the glass as well as using the convenience of a photopolymer 
processibility, they introduced the Glassomer later.[239] Glas-
somer has been used with a variety of photopolymers such as 
HEMA, IP-series by Nanoscribe GmbH (Figure 3i),[122] and poly 
(ethylene glycol) diacrylate (PEGDA).[123] Wen et al. developed a 
photoresist with a mixture of PEG-functionalized colloidal silica 
nanoparticles (with ≈ 10 nm in diameter) and polymer precur-
sors containing trimethylolpropane ethoxylate triacrylate and 
PEGDA.[123] They realized high-quality amorphous glass and 
polycrystalline cristobalite microstructures (Figure 3j) with sub-
200 nm features after sintering, respectively. Using this pro-
cess, they printed whispering gallery resonator with a quality 
factor of 1.1 × 104 at 1,554 nm. Furthermore, nanocomposite 
ink with rare-earth elements can be doped to realize colored 
glasses with submicrometric resolution. Cooerstein et  al. 
developed a particle-free ink to print transparent ceramics.[124] 
They dissolved metal salts (YCl3·6H2O and AlCl3·6H2O) and 
photoinitiator IRG 369 in water, ethylene glycol to make the 
photo-curable ink. After printing, the structures were heated to 
remove the organic parts. By doping the structures with yttrium 
aluminum garnet (YAG), they demonstrated the printed doped 
structures to function as laser with high thermal stability  
(Figure 3k).

3.2.3. Light Emitting Materials

To enhance the optical performance, emitting materials such as 
quantum dots (QDs), upconversion nanoparticles,[240] perovs-
kite nanocrystals,[241] fluorescent molecules,[181] and dyes[242] can 
be doped into the resin to realize 3D photoluminescent struc-
tures for micro-optics and imaging.[125,221,243–247] For example, 
Jradi et  al. investigated the influence of the QDs (CdSe/ZnS, 
CdSe/CdS/ZnS) and laser power on the resolution of the 
printed structures.[125] They found that QDs can improve the 
printing resolution with linewidth reaching 80 nm (Figure 3l). 
They show fluorescence images of the QDs-containing 3D grid 
structures with vivid color emission.[247] With the high stability 
of optical, mechanical, thermal, and chemical properties, the 
TPL printed inorganic doped or pure inorganic structures have 
a great potential in variety of optical applications.[122,199,248,249]

4. Fabrication Technologies

The realization of printing designed structures with 3D TPL 
and the final quality are influenced by plenty of factors, such as 
the configuration of the setup, including parameters of femto-
second laser, NA and FOV of the objective lens, quality of focal 
spot, speed and stability of galvo scanning mirrors and piezo 
stages, modulation ability of acousto-optic modulator, etc.; the 
light-matter interaction with specific types of photoresists and 
printing parameter chosen; the environment like temperature, 
substrate, vibration and contamination; the develop methods 
and post-processing approaches. In the following sections, 
these factors are discussed starting from voxel modulation, to 
lines, and volume fabrication, and the optimization methods 
of bulk quality and surface roughness are reviewed. Further-
more, the recently proposed fabrication technologies are also 
included, which help to pave the steps forward to high-resolu-
tion structures and near-perfect optical elements.

4.1. Optimization of Printing Processes

The structuring success during 3D TPL fabrication obviously 
depends on the judicious choice of parameters per material 
used. For femtosecond laser-based polymerization, the deter-
mining parameters are wavelength λ,[88] pulse duration τ,[250] 
and repetition rate f,[251] in interplay with the choice of focusing 
conditions, polarization state,[105] and scan velocity. The choice 
of dose parameters determine the minimum achievable 3D fea-
ture called “voxel”,[252–255] and dependent on the scan algorithm 
and can distort the intended geometry.[256,257] The difficulty 
arises in the fact even there is lack of standardization on how 
to set each combination of viable parameters for each desired 
practical outcome. Depending on the application compromise 
might not be allowed. For example, for optics surface rough-
ness and shape fidelity is the most important[258] but for micro-
fluidic actuators it is the porosity on the molecular level[209] 
or for biomedical cell scaffolds it is the throughput.[212,259,260] 
Nonetheless, there is a trend that is leading to a potential stand-
ardization of how to approach the choice of parameter-to-mate-
rial problem.

Adv. Funct. Mater. 2023, 2214211
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Figure 4.  Focus modulation methods. a) Schematic diagram showing the spherical aberration in TPL. b) Simulated focusing with spherical aberration 
(top) and perfect focusing (bottom). c) The influence of spherical aberration on the TPP threshold energy as a function of depth. Reproduced under 
Optica Publishing Group Open Access Publishing Agreement with permission.[273] Copyright 2011, the Authors, published by Optica Publishing Group. 
d) SEM images of photonic crystals in chalcogenide with high RI enabled by aberration correction. Reproduced under Optica Publishing Group Open 
Access Publishing Agreement with permission.[274] Copyright 2014, the Authors, published by Optica Publishing Group. e) Woodpile photonic crystals 
written with blaze (left) and smoothed PSF (middle) enabled by AOEs using amplitude filters and related transmission, reflection spectra. Repro-
duced under Optica Publishing Group Open Access Publishing Agreement.[275] Copyright 2012, the Authors, published by Optica Publishing Group. 
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The approach being adopted is to select a challenge or 
benchmarking structure and produce 2D arrays of test 
objects with at least two varied parameters. They are typically 
used to find the parameter process window. The simplest 3D 
objects are suspended line objects (resolution bridges).[102,261] 
Another type of test is to produce bulk simple geometric 
shape structures that are useful for measuring the best achiev-
able surface roughness and shape distortions.[262] The third 
category are complex shapes encompassing both high reso-
lution and fine infilled bulky features. Usually, a common 
choice is to produce artistic shapes having a high degree of  
complexity.[87,215,216,263]

Most current parameter optimization approaches focus 
on the increase of throughput via expanding the rapid struc-
turing area. Usually, it is limited to the so-called FOV of 
microscope-based fabrication systems. To go beyond this area 
fast galvanometric scanners are employed together with the 
use of large travel distance translation stages. Usually, stages 
displace the sample and therefore scan the FOV area, while 
galvo rapid fabrication scan velocities approaching speed 
> 1 cm s−1 in a FOV area of around up to 200 µm in diam-
eter for high-NA (1.4) focusing. If it’s done step wise in an 
iterative manner, structures suffer from discontinuities,[264] 
where “stitching” is necessary.[265] This problem is being 
solved by either using area shape[266] and dose management 
approaches,[267] or algorithmically synchronizing the galvo-
stage system to move in coordinated fashion in real time.[87] 
This allowed to perform voxel size and aspect ratio to scan-
velocity scaling tests over multi-orders under the same experi-
mental conditions, indicating that the scaling will always be 
non-linear and require the adjustment of at least one more  
parameter.

Over the years, the influence of laser wavelength, pulse dura-
tion, repetition rate for accuracy, and fabrication throughput 
was studied quite extensively. However, the studies focused on 
material, photoinitiating systems, or some sole laser parame-
ters, thus making it difficult to compare or extract the funda-
mental requirements for photopolymerization. Recently, it was 
demonstrated that a non-photosensitized resin can be used 
and photopolymerization can be triggered by non-amplified 
laser pulses,[268] where both are necessary requirements by 
conventional wisdom.[57] Moreover, current studies reveal that 
the laser wavelength is not of crucial importance for TPL as 
long as ultrafast pulses are used, thus enabling various con-
fined photo-excitation mechanism leading “toward perfect  
polymerization”.[88]

4.2. Focus Modulation Methods

The technology of TPL is well developed so far to fabricate 3D 
micro or nanostructures for optics and photonics, including 
photonic crystals,[269] metamaterials,[270] metasurfaces,[271] and 
biomedical engineering.[272] However, due to the diffraction lim-
ited nature of the focusing process and the single voxel fabri-
cation scheme in TPL, there exist several technical challenges 
that hinder TPL in achieving high-quality 3D structures, such 
as spherical aberration, elongation of the writing voxel, and 
low fabrication efficiency for volumetric structures. Therefore, 
plenty of focus modulation methods are developed to tackle 
these challenges in TPL. This section discusses and summa-
rizes the recent representative strategies of focus modulation in 
TPL, where the spatial and temporal properties of the focusing 
profile are modulated for various photonic scenarios.

4.2.1. Focus Modulation for Spherical Aberration Correction

The depth-dependent spherical aberration has a negative 
impact on TPL, resulting in a high two-photon polymerization 
threshold, low manufacturing precision, and low laser fabrica-
tion efficiency. Spherical aberration, in particular, occurs at the 
interface between the submersing material and the photosensi-
tive material,[283–285] and its strength is proportional to the NA of 
the objective, the RI mismatch between the material interface, 
and the penetration depth.[286] The depth dependent spherical 
aberration primarily causes focus aberration in the optical axis 
and can significantly restrict the possibility for high-precision 
3D fabrication in TPL (As is shown in Figure 4a,b).

Adaptive optical elements (AOEs), such as digital mirror 
devices (DMDs), liquid crystal spatial light modulators (SLMs), 
and deformable mirrors (DMs), have proved crucial for TPL, 
allowing for intricate control of the laser focus to eliminate 
aberration.[287] These AOEs can be installed before the objec-
tive so that the compensation phase can be added on the laser 
beam, (as illustrated in Figure  4b, where the correction phase 
information is loaded on the AOEs). As a result, the aberration 
on the focus is canceled, resulting in a spherical phase distribu-
tion in the focus. Therefore, optimal laser-material modification 
and diffraction-limited performance may be accomplished eve-
rywhere in a 3D sample.

Based on the above concepts, focus modulation using 
AOEs has been widely studied and utilized in TPL for depth-
dependent aberration correction.[288] Wilson et al. mapped and 
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f) Adaptive slit beam shaping in TPL to fabricate curved microstructures. Focus modulation with galvo-dithered (GD) technique. Reproduced under 
Optica Publishing Group Open Access Publishing Agreement.[276] Copyright 2013, the Authors, published by Optica Publishing Group. g) Schematic 
diagram showing the GD method. h) SEM images of miniaturized circular dichroism in gyroid nanostructures achieved by GD technique. Reproduced 
with permission.[269] Copyright 2013, Nature Publishing Group. i) TPL fabrication of chiral surface using complex beam shaping with different topo-
logical number. Reproduced with permission.[277] Copyright 2017, AIP Publishing. j) The schematic diagram of parallel focus generation using micro 
lens arrays and the 3D fabrication of chiral self-standing microspring array using MLA. Reproduced with permission.[278] Copyright 2005, AIP Publishing. 
k) Schematic diagram showing the set-up for multi focus TPL and projection TPL. l) Multi-focus enabled super resolution optical data storage. Repro-
duced under Optica Publishing Group Open Access Publishing Agreement.[279] Copyright 2015, the Authors, published by Optica Publishing Group. 
m, n) Photonic crystals fabricated by multi-focus TPL. Reproduced with permission.[280] Copyright 2004, Optica Publishing Group. Reproduced with 
permission.[281] Copyright 2015, Elsevier. o) Projection-based TPL fabrication of nanophotonic devices. p) SEM images of a single laser exposure fabri-
cated 3D spiral pattern. Reproduced under Optica Publishing Group Open Access Publishing Agreement.[282] Copyright 2013, the Authors, published 
by Optica Publishing Group.
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acquired the analytic formulation of the depth-dependent aber-
ration phase information from the focusing plane to the objec-
tive back aperture plane,[275] and applied the AOEs enabled 
focus modulation in a high NA confocal microscopic system. 
Booth et  al. proposed a wavefront shaping (WFS) method. In 
this method, iterative optimization is used to compensate 
the optical scattering-induced distortions,[286,289–291] or time-
reversing the scattering wavefront.[292–294] Further systematic 
study of the depth-dependent spherical aberration by Martin 
J. Booth’s group shows that depth-dependent aberration would 
lead to detrimental elongated focus for TPL, leading to a higher 
threshold pulse energy for fabrication as laser penetrate deeper 
into the sample, with an elongated shape of the writing voxel 
along the optic axis (shown in Figure 4c,d). Through the appli-
cation of a dual adaptive optics system,[273] the threshold pulse 
energy for fabrication, delivered by AOE enabled aberration 
correction TPL system, becomes independent of the penetra-
tion depth in the photosensitive material, as is illustrated in 
Figure  4b, making larger depth TPL fabrication possible. For 
instance, with a NA of 0.95, the theoretical maximum pen-
etration depth maintaining diffraction limited performance is 
estimated to be ≈ 10 µm. With AOEs enabled focus modulation 
method,[295] the penetration depth can be extended by approxi-
mately two orders of magnitude,[296] which has approached or 
exceeded the typical working distance of the high NA objective. 
By introducing a defocus decoupled adaptive optics approach 
into TPL, M. Gu’s group demonstrated complex 3D photonic 
crystal with substantially improved the spatial fidelity and uni-
formity fabricated in the high RI chalcogenide glass As2S3,[274] 
and the significant circular dichroism phenomenon in high 
agreement with theoretical calculations is demonstrated.

Aberration correction using AOEs has also enabled the pre-
cise fabrication of high-resolution photonic devices in a wide 
range of materials and applications. Longitudinal photonic 
waveguides with the waveguide axis parallel to the substrate 
motion have been written inside glass.[297] Laser-written fiber 
Bragg gratings,[290] 3D data storage in polymers,[288] and liquid 
crystal devices[298] have also been achieved using TPL strate-
gies with aberration correction. Ultra-large penetration depth 
≈ 3 mm with a NA of 0.45 has been achieved using a feedback 
system in a phase microscopy.[297] A combined focus modula-
tion method proposed by G. Freymann, demonstrated a focus 
modulation method to decrease the aspect ratio of the point-
spread-function (PSF) using amplitude filters, which enabled 
the successful fabrication of the woodpile photonic crystals 
with high structural and optical quality (Figure 4e).[275]

4.2.2. Focus Modulation for Complex Beam Shaping

Recent advances in focus modulation in TPL have also proved 
adaptive optics as an important tool in complex beam shaping, 
allowing the morphology of features generated by laser manu-
facturing to be more flexible than the conventional ellipsoid of 
a diffraction-limited laser focus.[299–301] For photonic circuits,[302] 
3D chiral structures,[303–305] and biomedical engineering appli-
cations,[272,306] it is of great significance to develop focus mod-
ulation methods to fabricate structures with circular cross 

sections. Gu et  al. developed a method to generate a disc-like 
focus by installing an optical slit before the objective, therefore 
the focus profile can be spread in the direction perpendicular to 
the slit while maintaining the axial resolution (Figure 4f).[276,307] 
The benefits of utilizing AOEs to provide slit illumination 
include the ability to rotate the slit during fabrication, while 
preserving proper alignment of the focus disk and the curved 
paths. Additionally, AOEs can alter the dimensions of the slit to 
adjust the profile of cross-section.[308–310] Alternative techniques 
to generate circular cross section employ an astigmatic beam to 
adjust the laser-writing profile,[311] where both focal position and 
beam waist in the sagittal and tangential planes are controlled 
by using an astigmatic beam, achieving symmetric waveguides 
with a feature size of 1.5 µm. Adaptive elements such as DMs, 
SLMs have also been used to control the beam astigmatism and 
ellipticity for enhanced flexibility.[312,313]

Another popular strategy in complex beam shaping in TPL 
is the application of galvo mirrors, or the galvo dithering (GD) 
technique.[270] GD technique has been proved to be highly 
useful for photonic applications, such as optical activity,[314] 
fiber-optical microendoscopy,[315] and circular dichroism.[316] It 
contributes to preserving the circular cross-section and smooth-
ness of the micro structure, and thus maintaining the unique 
photonic properties.

To generate a circular symmetric shape of the fabrication 
voxel using GD technique in TPL, a 2D galvo-mirror (or a pair 
of galvo-mirrors) is usually employed to initiate a circular path 
to the focus, so that the photo-polymerization is constrained 
in the center of the circular path. As a result, the fabrication 
voxel in GD-TPL obtains a more circular symmetry than the 
typical ellipsoid, as is demonstrated in Figure  4g,h. The exact 
feature size of the fabrication voxel bases on fabrication condi-
tions, including the beam power, the fabrication speed, and the 
dithering amplitude, an empirically relationship is described in 
reference.[317] Through the utilization of GD-TPL, a nanoscale 
chiral gyroid network is achieved,[318,319] where the right- and 
left-handed circularly polarized light operating at the wave-
length of 1.615 µm can be efficiently separated, providing a new 
freedom of optical polarization manipulation. In addition, GD 
technique can also improve the fabrication speed in TPL, as the 
dithering speed can reach up to 1 mm s−1, while the maximum 
speed of typical piezo nano-translational stage is ≈ 200 µm s−1. 
Therefore, GD technique has also become an important tool in 
fabrication large scale volumetric photonic devices in TPL.[315]

Recently, optical beam carrying orbital angular momentum 
(OAM) has received widely attention in the research fields of 
holography,[320] metasurface,[271] which also excites the research 
interest in utilizing the OAM to shape the beam focus in 
TPL.[321] To generate focus carrying varying states of OAM, 
AOEs are usually introduced in TPL, where the phase informa-
tion of the OAM is loaded.[277,322] A series of complex micro-
structures have been demonstrated with modulated focus with 
different states of OAM (Figure 4i). Furthermore, donut-shaped 
depletion beam in stimulated emission depletion (STED) 
microscopy has also been generated and implemented for TPL 
fabrication of structures with sub-30 nm feature size,[323–325] 
where system aberrations was taken into consideration, and 
higher-fidelity fabrication is achieved.[326,327]

Adv. Funct. Mater. 2023, 2214211
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4.2.3. Focus Modulation for Parallel Fabrication

Focus modulation methods also help to address another chal-
lenge in TPL: the point-based voxel leads to long processing 
time, especially for 3D structures with large volumes or large 
scales, as the printing time is the third power of the object size. 
It may cost hours or even longer time to get a single device.[328] 
Introducing focus modulation to achieve parallel fabrication in 
TPL is of great importance not only to improve the fabrication 
efficiency, but also can eliminate the drift errors during the fab-
rication,[329] as components can be fabricated simultaneously. 
Therefore, several focus modulation approaches were devel-
oped to reduce the fabrication time through the generation of 
multi-focus or projection-based fabrication, such as introducing 
microlens arrays (MLA),[278,330] or AOEs,[331–333] into the TPL 
fabrication system.

To generate multi-focus array for parallel fabrication in TPL, 
a microlens array is first used as the focal objective.[334] A sche-
matic figure of MLA fabrication system is shown in Figure 4j. 
The feature size of this 2D focal array pattern is ≈ 2 µm, and 
spots have been fabricated in parallel with this system.[278] The 
advantage of the MLA fabrication system is the ability to fabri-
cate a large area (10 mm × 10 mm) at the same time. The 2D 
spot array pattern with a feature size of each spot is ≈ 2 µm can 
be parallel fabricated with this system. While it is convenient 
to use an MLA for parallel fabrication with large area, there are 
still three disadvantages related to the MLA method. First, the 
short working distance (in the range of several tens microns) 
limited by the focal length of each lens makes it not preferable 
in the achievement of the intrinsic 3D ability of the TPL. Addi-
tionally, the uniformity in the transmission of each micro lens 
prevents the MLA from fabricating functional photonic devices. 
Second, the aberration related to each lens makes the spatial 
resolution provided by the MLA incompatible to the widely 
used high NA objective. Third, as the arrangements of the MLA 
are limited to be triangle or square, it is impossible to generate 
arbitrary intensity patterns and intentional defects.

Another popular strategy to generate an array of foci for 
TPL is to display a computer generated hologram (CGH) on 
AOEs, such as DMDs and SLMs, using phase or amplitude 
modulation method (Figure  4k).[281] To generate the CGH 
phase or amplitude modulation pattern, computational algo-
rithm including the Gerchberg–Saxton method,[335,336] optimal 
rotation angle (ORA) method,[337,338] direct binary search, or 
multiplexing Fresnel lenses are usually used.[279,339] As shown 
in Figure  4k, an array of focus spots is created in the focal 
plane since the CGH displayed on the AOEs is projected onto 
the pupil plane of the objective. The multi-focus array can be 
applied in TPL to simultaneously modify the photosensitive 
materials at once to reduce the fabricating time and increase 
the efficiency by orders of magnitude. This method has been 
widely used in optical data storage[279] and photonic crystals fab-
rication (Figure 4m,n).[280]

Due to the systematic mismatch in the optical set-ups 
and the unwanted ’zero order’ in CGH, the generation of 
focus array with uniform intensities remains a challenging 
task.[340–343] To increase the uniformity of the multi-focus arrays, 
various methods have been developed. In some cases, iterative 
computational optimization algorithm is introduced, but fur-

ther experimental calibration is required to improve the uni-
formity of the focal arrays.[344–347] Therefore, large-scale paral-
lelization in TPL can be realized with > 1000 foci demonstrated 
using a SLM.[348] The focal array can then perform as a funda-
mental building block in TPL to make macroscale structures 
with micron scale features.[349–352]

However, using multiple focus array in TPL is not the best 
option for efficient TPL fabrications, as the fabrication still 
utilizes single writing voxels. For volumetric microstructures, 
it is better to use intensity distributions with desired patterns 
in TPL. Therefore, projection-based focus modulation methods 
have been developed to provide very sharp TPL fabrication 
with a single time of exposure. Compared with CGH multi-
focus method discussed above, projection based TPL utilizes 
AOE to provide amplitude modulation of the light beam, the 
modulated light beam then propagates through the objective, 
as shown in Figure 4l, leading to a large area of exposure in the 
sample. High speed TPL fabrication has been achieved using 
DMD devices,[282,353] and more applications have been devel-
oped for surface processing.[354] Simultaneous spatio-temporal 
focusing (SSTF) has also been readily developed by combining 
the project TPL with spatio-temporal method.[355,356]

4.3. High-Quality Fabrication from Voxel to Bulk

The quality of 3D TPL printed polymer structures is mainly 
evaluated by the preservation of designed shape and uniformity 
of RI, which are vital for the performance in optical or photonic 
applications.[63,357] Generally, the structures are deformed due 
to temperature changes, optical irradiation, or post-processing 
methods. The primary reason for the shrinkage and deforma-
tion in the fabricated structures is due to the low degree of con-
version (DC) of resin,[66,132,358–360] and nonuniformity of RI is 
caused by the inhomogeneous DC values in the volume. For 
typical TPL resins, differential scanning calorimetry (DSC), 
coherent anti-Stokes Raman scattering (CARS) spectroscopy, 
Raman microspectroscopy, and Fourier transform infrared 
(FTIR) spectroscopy etc. can be used to detect the DC value of 
polymerized resins with the following function[361],
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where, ACO, ACC, A’CO and A’CC are the CO and CC 
bonds corresponded integrated peak intensities of Raman 
peaks in the polymerized and the non-polymerized resins. 
They provide molecular details about the monomer/oligomer 
photo-conversion. However, 100% DC is not physically possible 
because of the formation of highly cross-linked networks that 
restrict functional group mobility, for example, the maximum 
DC values of IP-series photoresists are between 45 and 75%,[362] 
and for polymerized IP-Dip, the maximum Young’s modulus 
is ≈ 4.5 GPa.[363] The incomplete photoreaction of the resin is 
also related with the intrinsic energy distribution at the focal 
spot of the Gaussian beam, and the subsequent removal of the 
unreacted resin during development also further deteriorate 
the final mechanical properties.[363]
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Figure 5.  High quality structure fabrication with TPL. a) Models for initial voxels formation and growth. Reproduced with permission.[253] Copyright 
2003, AIP Publishing. b) Nanopillar arrays developed by the traditional (top) and UV curing method (bottom). Reproduced with permission.[389] Copy-
right 2018, Elsevier. c) Side view plot (top) and top view SEM images (bottom) of the lines fabricated with ascending scan method. Reproduced with 
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To optimize the printing parameters and thus get a fine 
structure with desirable DC value and uniform RI, we can 
start with the 3D printing unit-voxel. The scaling law of voxel 
can be obtained by considering the polymerization kinetics 
with highly confined spatiotemporal scales to investigate the 
time and energy required for voxel with different laser irradia-
tion (Figure 5a,b).[252–255,364,365] Generally with short exposure 
time, the laser power is scaled with the inverse square root of 
the exposure time at the polymerization threshold, while for 
longer exposure time, Schwarzschild effect needs to be con-
sidered regarding of the diffusion of photoinitiator molecules 
and oxygen.[366] The proximity effect of voxel arrays can be cali-
brated by considering the point spread function overlap and 
diffusion processes.[256] When multiple voxels form into lines, 
the dimensions of width and height can be estimated,[265,367] 
thus we can predict the optical damage threshold with the 
proximity effect of lines (Figure  5c).[368,369] A lumped TPL 
parametric model with parameters of beam scan speed, laser 
power, slicing distance, and hatching distance based on single-
photon absorption model was built to realize near-perfect 3D 
printing (Figure  5d–h),[370] in which, the effect of employed 
microscope objective, printing configuration, substrate, and 
resin also should be included.[371–375] The generally used sub-
strate is glass, when silicon or metal substrate being employed, 
the interaction between pulsed laser with substrate should be 
described by the two-temperature model to get the electron and 
phonon temperatures. Increased temperature will reduce the 
heat conduction thus decreasing the reflectivity at the interface 
and vary the local refractive index. Furthermore, the accumu-
lated heat and changed local laser power will alter the radical 
concentration and diffusion process, bringing significant influ-
ence on the polymerization results (Figure  5l).[376] It has be 
demonstrated that due to the low polymerization threshold, 
resins with high viscosity are good for a large range of the pulse 
energy, with more freedom to control line width and height, 
fabrication velocity, and to achieve a more robust fabrication 
process.[377] The absorption of resins also affects the range of 
printing parameters, for example, compared with SU8, pure 
SZ2080TM is ≈ 20 times more resistant to high irradiance,[262] 
IP-S has highest transmittance with low scaffold density shell 
mode printing while IP-Visio is the best choice for broadband 
applications. OrmoCompTM has lower absorption but longer 
printing time is required.[378] Additionally, with synchronization 
of the linear and galvanometric scanners, stitch-free mesoscale 

structures with centimeter size but retaining micro- or nano-
features can be obtained (Figure 5n).[87] Recently, an algorithm 
considering physical quantities as simulation parameters to 
account for the main physical–chemical processes during fab-
rication is developed to predict the topography.[379] Based on 
a spatial-temporal machine learning (ML) model, automated 
detection of part quality during fabrication with deep learning 
in millisecond with accuracy ≈ 95.1% becomes possible.[380]

To further enhance the mechanical properties and maintain 
the designed shape, fabrication methods like shape precompen-
sation,[381] multipath scanning method,[382,383] and 2D slicing 
method[384] were proposed. However, modifying the 3D model 
to compensate for the expected shrinkage needs complex 
and nonlinear shape compensation processes.[381] Multipath 
scanning method can be used to reinforce the contour of 3D 
structures but with the increase of threshold region for poly
merization, radicals diffuse outside of the initially formed voxel, 
thus the voxel size increases gradually, making it not suitable 
for an ultraprecise DOE fabrication (Figure  5k)[385] One sug-
gested method is to use resins that yield polymers with greater 
strength. For example, custom resins, such as sol–gel resins, 
with high ratio of ZrO and/or SiO content have been used 
to strengthen printed structures.[210] Blending nanoparticles 
into resin could help to increase the DC value thus enhance 
the mechanical properties.[386,387] The intrinsic high mechanical 
strength of the particles, or frames formed by nanowires and 
nanotubes can further strengthen the toughness of the printed 
structures. However, they should be uniformly mixed with the 
photoresist and will not cause local hot spots leading to bub-
bling during exposure procedure. Besides, the nanowires, 
nanotubes, and nanoparticles may cause strong light scattering, 
reducing the transmittance significantly if not index-matched to 
the resist or the size is large thus the effective medium theory 
not applicable. Furthermore, they may also induce greater sur-
face roughness, hence lower the refraction or diffraction effi-
ciency.[388] Considering the general practicality and effective-
ness, the unreacted groups can be post UV treated after the TPL 
process to further enhance the cross-linking density. In this way, 
the resistance against mechanical deformations and mechan-
ical stability of structures are improved, with reduced number 
of defects and collapsed structures (Figure  5j)[264,362,389,390] To 
increase the mechanical properties, thermal post-curing is also 
a simple but effective way to significantly eliminate the part 
functionality, characteristic coupling of processing parameters 

Adv. Funct. Mater. 2023, 2214211

permission.[370] Copyright 2020, American Chemical Society. d) Normalized single-photon absorption (unit: αs) of 3D-printed blocks calculated with 
printing parameters of laser power 25 mW and scan speed 40 000 µm s−1. Orange yellow area represents the high-quality block with single-photon 
absorption value between ≈ 0.8 and ≈ 1.0. e) Optical micrograph of fabricated blocks with printing parameters in (d). f) Optical micrograph of the 
high-quality large-area 3D-printed DOEs and corresponding SEM images in (g,h). Reproduced with permission.[370] Copyright 2020, American Chemical 
Society. i) Top-view micrographs of log-pile structures with the same dimension while written by different laser power and beam scan speed combina-
tions. Reproduced with permission.[367] Copyright 2016, IOP Publishing. j) comparison of collapsed (top) and UV cured (bottom) octet-truss cubes 
printed with increasing laser peak intensities. Reproduced under Optica Publishing Group Open Access Publishing Agreement.[362] Copyright 2016, 
the Authors, published by Optica Publishing Group. k) SEM images of deformed “micro-Thinker” printed with single-path scanning method (top) 
and precise fabrication with double-scanning path (bottom). Reproduced with permission.[382] Copyright 2007, AIP Publishing. l) Pyramid written on 
a glass substrate (left) and on a metal substrate (right). Reproduced under Optica Publishing Group Open Access Publishing Agreement.[376] Copy-
right 2019, the Authors, published by Optica Publishing Group. m) Photonic crystal structures printed with zirconium sol–gel material with negligible 
shrinking. Reproduced with permission.[210] Copyright 2008, American Chemical Society. n) Synchronized galvanometric scanners and linear stages 
for a mesoscale butterfly fabrication. Reproduced under Optica Publishing Group Open Access Publishing Agreement.[87] Copyright 2019, the Authors, 
published by Optica Publishing Group.
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and material properties, by self-initiated thermal curing reac-
tion with no thermal initiator.[391] It is noteworthy that the non-
uniformity of mechanical property could be used for dynamic 
optical applications, and structures with nonuniform RI, such 
as directionally controlled printing generating birefringence 
effect, gradient RI lens, waveguides in volume structure, and 
phase separation based printing resulting in inherently nano-
porous structures for scattering manipulation.[392]

Furthermore, during post-development, capillary forces 
above the elastic limit can cause significant defects when the 
solvent evaporates.[363] Liquids with low surface tension and vis-
cosity have been used to reduce capillary forces, such as hexam-
ethyldisilazane and nonafluorobutyl methyl ether.[377,389,393–396] 
In addition, critical point drying with liquid CO2 can also 
mitigate capillary force effects during drying to help prevent 
shrinkage and deformation.[397]

4.4. Surface Roughness

Apart from the ultrahigh quality of 3D TPL printing, surface 
smoothness is also essential for practical applications, especially 
for high performance optical and photonics devices.[370,398,399] 
Both reflective and transmissive photonic devices inevitably 
request nanoscale surface roughness for efficient and accu-
rate purposes,[370,398] which is also suitable to fiber based 
optics.[399] To evaluate the smoothness and quality of the 3D 
TPL printed surface, the surface roughness is usually defined 
as following,[63]
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where, l is the scanning length across the surface, Z(x) is the 
surface height at each spot, while Z0 is the averaged surface 
height, and Zi is the surface height at the sampling point i. 
To minimize the surface roughness, three different strate-
gies are commonly adopted individually or in combination: 
(1) increasing the voxel overlap or reducing the voxel size, (2) 
customized slicing and scanning strategies, (3) post processing 
such as thermal reflow.

In 3D TPL printing, the gaussian laser beam is usually 
focused by the objective lens tightly, resulting in a voxel resem-
bling a spinning ellipsoid, as shown in Figure 6a. The overlap 
of such ellipsoid voxels plays an important role in fabricating 
nanostructures and controlling the surface roughness. The def-
inition of the overlap can be given as following,[63,400]

d dx

d

l dz

l
δ = − × −

	 (18)

where, δ is the overlapped section, d is the diameter and l is 
the length of the ellipsoid voxel, dx and dz are the hatching and 
slicing distances, respectively (Figure  6a). With the increase 
of overlap and the decrease of the voxel diameter, not only the 
precision of the fabricated structures will be increased,[357,401] 
surfaces roughness will also be reduced into nanometer level 
(Figure  6b).[63,267] Experimentally, the surface roughness can 

be reduced to ≈ 10 nm by appropriately choosing the voxel and 
scanning parameters (Figure 6a–c),[370,402] these results has been 
verified using characterization methods like optical profilers, 
atomic force microscopy, and scanning electron microscopy. 
Furthermore, in such overlap of voxels, the self-smoothing and 
self-polymerization effects contribute to minimize the surface 
roughness.[228,403–405]

In fabrication of applicable 3D structures, such as micro-
lenses and micro 3D objects, the slicing and scanning strate-
gies are essential in smoothing the surface and saving the fab-
rication time.[406] As shown in Figure  6d–f, the micro jar can 
be divided into six regions according to the slope angle.[407] In 
the region of gentle slopes, the slicing distance is required to 
be small to prevent the separations of voxels and keep those 
voxels well overlapped. While in the region of steep slopes, 
the slicing can be loose to save the fabrication time. Owing to 
the optimized slicing distance at different regions, this slicing 
strategy is called subregional slicing method (SSM). Compared 
with a constant rough slicing distance, SSM clearly shows a 
smoother surface while keeping the fabrication time almost 
the same (Figure 6g). When the object to be fabricated is cylin-
drically symmetric, annular scanning mode (ASM) holds tech-
nical superiority over linear scanning methods, as shown in 
Figure  6h,i. When combined with a dynamic slicing distance 
(Figure 6h)[408] or a shell fabrication method (Figure 6i),[264,409] 
the surface roughness and fabrication time can be further 
minimized. Specifically, the surface of the microlens becomes 
more and more gentle when it reaches the lens top, thus an 
equal-arc scanning (EAS, Figure  6j) together with a shell fab-
rication method would precisely control the surface roughness 
and accelerate the fabrication.[404,410]

As a post processing, thermal reflow is often used in micro-
lens fabrication and controlling surface topography and sur-
face roughness.[411–414] This long-standing technique has been 
proven successful both in experiments and theoretical analysis. 
However, a burgeoning method provides more capability in 
the form of conformal selective surface smoothening, when 
combined with 3D TPL printing and nanoimprint lithography 
(NIL).[415–417] In the polymeric material, a vertical gradient mate-
rial contrast, which is expressed by molecular weight Mw/glass 
transition temperature Tg, can be created through the 172 nm 
UV light, realizing a selective surface reflow limited in a super-
ficial region without effect on the bulk.[418–421] As shown in 
Figure 6k, the surface roughness of TPL printed mold can be 
reduced to 10 nm in its PMMA replica.[422]

4.5. Feature Size

Except from the high quality and surface roughness of 3D 
TPL printed structures, the feature size is another vital focus 
where researchers are concerned about. It relies on not only 
the intrinsic mechanical properties of the photoresists,[102,423] 
but also the configurations of the fabrication system, printing 
parameters used,[424] and other techniques applied. The 3D 
structures with feature size beyond the diffraction limit extend 
the photonic research toward shorter wavelength, that is, from 
near infrared, visible band, to the UV range.[425]

Adv. Funct. Mater. 2023, 2214211
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Figure 6.  Surface Roughness of 3D TPL printing. a) The effect of voxel overlaps on the surface roughness of TPL printing. Top panel: self-smoothing 
effect against displacement caused by vibration or voxel fluctuation caused by laser jittering. Bottom panel: schematic figure for voxel overlaps. Right 
panel: the relationship between surface roughness and spot distance. Reproduced with permission.[402] Copyright 2005, AIP Publishing. b) Top panel: 
the relationship between surface roughness and spot diameter. Bottom panel: the relationship between surface roughness and overlap. Reproduced 
with permission.[63] Copyright 2015, AIP Publishing. c) SEM and atomic force microscope (AFM) images taken when the voxel diameter, hatching and 
slicing distance are appropriately chosen. Reproduced with permission.[370] Copyright 2020, American Chemical Society; d,e) shows the SSM for sur-
face smoothing in 3D TPL printing, Reproduced with permission.[407] Copyright 2005, AIP Publishing. (d) Schematic figure of the surface slope angle 
θi. (e) variation of the critical slope angle θc. f) Slicing distances of SSM at six different regions. g) fabricated nano jar by using the uniform slicing 
method (top panel) and SSM (bottom panel). h) Microlenses fabrication by three different scanning strategies. Left: parallel linear scanning mode. 
Middle: annular scanning mode with a fixed slicing distance. Right: annular scanning mode with a dynamical slicing distance. Reproduced under 
Optica Publishing Group Open Access Publishing Agreement.[408] Copyright 2006, the Authors, published by Optica Publishing Group. i) Microlens 
with nanopillar color-filter fabricated by annular scanning method with calculated microlens heights and core-shell fabrication strategy. Reproduced 
with permission.[409] Copyright 2021, American Chemical Society. j) Microlens fabricated by annular and equal arc scanning method. Reproduced with 
permission.[404] Copyright 2010, AIP Publishing. k) Selective surface thermal reflow method to minimize the surface roughness as a post processing. 
Reproduced with permission.[422] Copyright 2017, Wiley–VCH.
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4.5.1. Fabrication Methods

In general, the feature size is related with the wavelength of 
femtosecond laser, hence it is easier to obtain a smaller fea-
ture size with 532 nm laser than 780 nm laser, while the cur-
rent setups are still limited with the printed linewidth ≈ 150 nm 
in the horizontal plane. The laser focus position with respect 
to the substrate can be controlled to realize < 100 nm feature 
size,[426] but it’s strongly constrained with the substrate, hence 
the structure is limited to 2D. It is also possible to initiate the 
polymer growth with hot electrons from plasmon-assistant 
polymerization,[427–431] but it is localized adjacent to the metallic 
resonators. An instinctive method is to reduce the exposure 
power of laser and simultaneously reduce the pitch, however, 
the low mechanical stability and proximity effect hinder the fur-
ther improvement of the feature size for a true 3D structure.[432] 
As aforementioned, diffusion-assisted high-resolution TPL 
approaches and STED have been proposed and the printing 
resolution can be pushed down to 9 nm (Figure 7a,b).[325,433–436] 
These methods requires complex setup modification and pre-
cise beam alignment between writing beam and inhibition 
beam. Leveraging on the high collimation enabled by extraor-
dinary ENZ metamaterial features—a nanocavity in metal/
insulator/metal/insulator (MIMI) configuration (Figure  7c,d), 
ultrathin dielectric hyper-resolution nanostructures are realized 
with a size reduction of 89% in height and 50% in width respec-
tively, compared with the standard printing method. The height 
of the structures can be changed between 5 and 50 nm.[437] 
When the difference of the refractive indices between the sub-
strate and photoresist is significant, for example, silicon sub-
strate, interference between the incident light and the reflected 
light occurs. The interference yields a standing wave, making a 
periodic energy redistribution in vertical direction, thus polym-
erizes the photoresist with a morphology exactly following the 
amplitude of the standing wave. The interference-assisted TPL 
produced structures have feature size ≈ 100 nm and the profiles 
are like the ridge-lamella configurations in the Morpho butter-
flies (Figure 7e), which is extremely hard to direct fabricate with 
conventional TPL method.[438–441] Currently, the fine structure is 
constrained just above the substrate with height tuned by laser 
power, the direction and dimension of the lamella are not freely 
controlled due to the mechanism. Besides, combining self-
assembly with TPL can realize the hierarchical photonic crystal 
structures with colloidal nanoparticles defined fine feature and 
3D model determined profile (Figure  7f). Though sub- 10 nm 
feature size is possible, this method suffers from the intrinsic 
defects generated during the self-assembly process, and the 
frame inside is fixed by the lattice, not flexible.[442] Considering 
the stability during wet develop, which induces capillary force 
to deform the printed structures, a reliable way is to post-pro-
cess the printed objects with shape-preservation methods other 
than directly fabricating ultrafine structures. Isotropic oxygen 
plasma etching could easily and quickly reduce the feature 
size of polymerized 3D structure even down to 25 nm,[443] at 
the same time maintain the initial shape, therefore this method 
can reach to the mechanical limit of the printed structures 
(Figure 7g). In addition, the elongated laser spot induced high 
aspect ratio of polymerized lines can be avoided. By writing sev-
eral lines in an overlapped manner to increase the width first, 

then perform plasma etching, aspect ratio of height to width 1:1 
is achievable, not the typical value of 3:1.

4.5.2. Pyrolysis/Calcination

In structuring various materials, two main aspects are the most 
important. The first one is practically achievable feature size 
(also referred as resolution or spatial accuracy) without critical 
loss of mechanical stability and fabrication repeatability.[359] 
The second one is the achievement of significant improve-
ments to the intrinsic material properties (physical, chemical, 
and/or biological).[444,445] Most notable are mechanical stability 
(like Young’s modulus),[359] chemical inertness, optical trans-
parency,[262,446] refractive index,[121,133,228] laser induced damage 
threshold (LIDT) level,[368,447] and so forth. A straightforward, 
simple and widely applied way to achieve improvement of 
both feature size and material properties is heat-treatment as 
a post-processing step—it results in increased degree of DC, 
which in turn influences mechanical and chemical proper-
ties.[391] Different results can be achieved be selecting the spe-
cific material and annealing protocol. Materials can include 
purely organic, hybrid organic–inorganic, and, most recently, 
colloidal composites, and even specialized inorganic resins 
(Figure 8a). The treatment method comes down to choosing 
either oxygen containing atmosphere—calcination, or inert 
atmosphere—pyrolysis performed in argon, nitrogen gas or  
vacuum.[448]

Pyrolysis allows carbonization of structures made from 
organic resins such as PMMA, PETA based (e.g., IP-Dip) and 
epoxy class materials like SU-8 (Figure 8b).[451] They feature the 
highest downscaling rate reaching 10% as a record value.[443] 
The materials are usually carbonized, benefiting from the 
properties expected from high strength carbon materials.[452] 
Calcination can also be used in cases where material inver-
sion is required. Performing atomic layer deposition on top 
of the organic 3D template and later evaporating it results in 
production of hollow inorganic structures.[453] Hybrid resists, 
in particular, metal–organic network containing resist such as 
SZ2080,[210] Ormocomp,[454] and others can be treated in both 
types of atmospheres.[451] Scaling here is less pronounced due 
to remaining inorganic fraction of the substance as a backbone 
(Figure 8c).[215,455] Such materials can remain highly transparent 
for wide range of spectrum.[456] They also can be converted to 
inorganic glasses or even glass–ceramics at above 1000°C.[216] 
Currently achieved features dimensions already exceeded 
< 100 nm barrier needed to be classified as nanotechnology.[216] 
Combined with plasma etching before the heat treatment, a 
nm-scale super-resolution structures can also be produced.[443] 
The resulting composition can be foreseen by considering the 
metal constituents in the initial state.[216,457] Most commonly, 
this refers to silicon that, with oxygen in the network, produces 
SiO2 glasses as mentioned before in the material sections. 
Third, the last class of resins are the pure inorganic ones. The 
most recent demonstration was done with hydrogen silsesqui-
oxane (HSQ).[450] The thermal treatment step, in contrast with 
the forementioned cases, is performed as an essential step 
after single photon exposure or imprinting (Figure 8d). It is a 
less popular resin, as harsh developers (like fluoric acid) are 

Adv. Funct. Mater. 2023, 2214211
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required to be used in its workflow, while it is beneficial where 
the shrinkage of the structures is required to be minimal to 
preserve the geometrical rigidity. Lastly, a new class of materials 
is called (nano-)composites. They were initially developed for 
the UV SLA approach and are currently being adapted for ultra-
fast 3D laser nanolithography. They consist of small particles 
that will fuse from the inorganic material and organic binder 
that will be decomposed during heat treatment. It is a highly 

versatile approach as many transparent materials can be used 
for the colloid part. However, the resulting resin mix cannot be 
scattering or absorbent. Thus, the requirements for this method 
to be applicable are close RI matching between colloidal parti-
cles and binder, as well as small particle size in respect to beam 
spot and the desired object. The particle size sets the feature 
size resolution limits, such as Glassomer (Figure  8e) that is 
used for 3D pristine glass fabrication.[239]

Adv. Funct. Mater. 2023, 2214211

Figure 7.  3D TPL printing technologies for high resolution feature size. a) Comparison between electron beam lithography, single beam, and STED. 
b) Feature size measurement with STED. Reproduced under terms of the CC-BY license.[325] Copyright 2013, the Authors, published by Nature Pub-
lishing Group. c) Sketch of ENZ assisted DLW process, the resin is on the glass substrate (left) and on the MIMI (Ag/ZnO/Ag/ZnO) nanocavity 
(right). d) Resonant cone angle of MIMI and experimental point spread function, which shows that the beam shrinks ≈36% for MIMI compared with 
bare glass. Reproduced with permission.[437] Copyright 2021, Wiley–VCH. e) Schematic illustration of interference assisted TPL. The femtosecond laser 
is illuminated on the interface between the substrate and photoresist, resulting in a periodic energy redistribution in the z direction thus generating 
multilayers in the voxel. The ridge-lamella multilayer configuration can be obtained with line scanning method. Reproduced with permission.[441] Copy-
right 2021, American Chemical Society. The calculated normalized light intensity distribution and corresponding SEM images of fabricated structures. 
Reproduced with permission.[438] Copyright 2021, AIP Publishing. f) Fabrication of 3D inverse opal microstructures with self-assembly assisted TPL 
fabrication. Reproduced with permission.[442] Copyright 2021, American Chemical Society. g) Isotropic oxygen plasma etching of 3D printed structures. 
Initial buckyball and the same one processed after 5 and 7 etching cycles, respectively (top, IP-Dip). Polymerized buckyball and the same one processed 
after 6 and 10 etching cycles, respectively (bottom, SZ2080TM). Reproduced with permission.[443] Copyright 2018, Elsevier.
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Calcination as a post-processing solution is advantageous 
due to (1): it is promising for isotropic downscaling of the fab-
ricated features without the loss of geometry. (2): it can help 
unify the DC to improve and homogenize mechanical and 
optical properties. (3): It can convert hybrid materials into fully 
inorganic substances of glass, ceramic, and crystalline or even 
metallic substances, thus greatly extending the scope of appli-
cable materials for 3D printing with TPL.

4.6. Resin Flow, Transparency, and Refractive Index 
Measurement

For unique 3D optical elements, both single elements and com-
pound components, some cannot be fabricated using estab-
lished 2.5 D technologies in a single-step or even multi-step 
processes.[458–460] Using the ultrafast laser 3D nanolithography, 
free-form micro-optics can be additively manufactured and 
are already proven to be functional in the visible wavelength 
range.[461] Usually, this includes suspended structures with 
functional surfaces separated by air-gaps. The historical exam-
ples included suspended lenses,[133] combined lenses,[462] hybrid 
refractive-diffractive elements,[264] and micro-objectives,[462] as 
well as fiber integrated devices.[399,463]

The first obvious requirement is to mitigate resin flow 
during the fabrication process.[67] This means using high-vis-
cosity resins that do not allow flow during fabrication while 
performing layer-by-layer structuring or limit the per-layer 

structuring time and, therefore, the fabricated structures’ trans-
verse size.[464] Most notably, sol–gel materials (SZ2080™) or 
IP-Dip variants have been used in the aforementioned ways. 
The second crucially important requirement is transparency.[131] 
Although most demonstrations include low absorbance mate-
rials transparent above ≈ 400 nm wavelength, photoinitiators 
increase absorption below this limit.[259] Practically, this can 
be observed as a yellowish tint.[465] The use of photoinitiators 
also results in the decrease of a very important parameter—
the LIDT.[446] Therefore, optical components made without 
a photoinitiator should be considered for femtosecond and 
picosecond high-intensity pulse applications.[368,466] The non-
sensitized resins are also preferred for life sciences due to 
their increased biocompatibility and reduced autofluorescence 
needed for imaging.[467,468]

The third is RI. It is a difficult parameter to measure at the 
microscale, especially in case of arbitrary structures, and all the 
optical components designed need the RI to be known a priori. 
The special problem here is that many resins have their RI char-
acterized for spin-coated samples, exposed in UV. This is done 
in this way because the classical characterization methods are 
designed for large samples, notably, centimeter scale thin-film 
structures.[469] The problem is that the nature of crosslinking 
is different and results in RI values that are not necessarily 
same as the ones observed after multiphoton exposure.[470,471] 
For optics, the method for characterizing the RI comes down to 
downscaling the classical measurement systems, for example, 
building interferometric systems,[472] or deducing the RI from 

Adv. Funct. Mater. 2023, 2214211

Figure 8.  3D TPL printing with pyrolysis/calcination post-processing. a) Examples of resins with the key components and their post-processed inert 
structures. b) Organic resist to glassy carbon lattice. Reproduced with permission.[449] Copyright 2016, Nature Publishing Group. c) Hybrid resin to glass 
structure. Reproduced with permission.[215] Copyright 2019, Royal Society of Chemistry. d) Inorganic resin made photonic structure. Reproduced under 
terms of the CC-BY license.[450] Copyright 2022, the Authors, published by Nature Publishing Group. e) Composite resin to glass sculpture. Reproduced 
with permission.[122] Copyright 2021, Wiley–VCH.
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the performance of measured devices using micro measure-
ment approaches, for example, characterizing the focal distance 
as a function of RI for microlenses.[473] The same logic can be 
applied to polymer gratings and other diffractive elements.[474]

4.7. Molding and Replication

The 3D printed structures can also act as mold to pattern other 
materials into structures with high resolution, as many catego-
ries of materials are not suitable to be directly fabricated with 
TPL. It also enables low-cost mass production for complex 
structures with reusable molds. By combing standard pro-
cesses in nanofabrication such as spin-coating, atomic-layer 
deposition (ALD), and chemical vapor deposition (CVD), dif-
ferent materials can be deposited onto the fabricated struc-
tures. Commonly used materials in deposition based TPL are 
silicon,[475–477] titanium dioxide,[478,479] metals,[480,481] and other 
low RI materials.[482] A simple way to replicate the printed 2D 
and 2.5D structures is direct molding,[483] such as electroplating 
based template fabrication with nickel.[484] In some cases, it is 
important to prevent the nickel to enclose the master entirely, 
thus the master edge can be slightly dipped into a melted wax 
bath to coat a protective wax layer. To remove the master from 
the mold, sonication, wet etching, or oxygen plasma can be 
applied. In addition, with additional depositing nickel at the 
interior of the mold, a replica with feature size smaller than the 
master can be obtained. To avoid breaking of the fine features 
like high aspect ratio structures, soft molds such as PDMS are 
preferred.[485] An spin-coated anti-sticking layer such as BGL-
GZ-83 will greatly help the master and mold separation pro-
cess. After the PDMS mixture poured onto the master, a degas 
procedure is required to further remove air bubbles, hence 
the as printed polymer pattern can be precisely transferred to 
PDMS, then reconstructed with other functional materials.[486] 
For 3D structures, an isotropic deposition approach is neces-
sary to fully cover the whole printed master. In a typical deposi-
tion process,[487] a layer of SiO2 was deposited onto the master 
by CVD and the polymer was then etched away by O2 plasma. 
Then Si is sequentially deposited onto the SiO2 structure and 
the SiO2 is again etched away by hydrofluoric acid to get the 
final 3D Si structure, while mechanical contact between the 
glass substrate and the structure may be worse during the 
selective wet etching process. The replication methods signifi-
cantly extend the choice of applicable materials for 3D struc-
tures with complex morphology and fine features for optical 
applications, which are hardly realizable by the traditional fab-
rication techniques.

5. Optical and Photonic Applications

5.1. Diffractive Optics

The TPL based 3D printing enables us to fabricate diffrac-
tive optical elements (DOEs) with high precision, providing a 
compact and energy-efficient solution to manipulate the wave-
front for different wavelengths thus generating the desired pat-
tern or structural beams (Figure 9). Seiboth et  al. fabricated a 

tailor-made refractive phase plate to facilitate the aberration 
correction for a pair of multilayer Laue lenses, resulting in 
an improved Strehl ratio from 0.41 to 0.81 for X-ray micros-
copy (Figure  9a). The optical properties, surface quality, and 
radiation resistance of 3D printed structures can be applied 
in modern X-ray synchrotron radiation facilities or X-ray free-
electron laser.[488] Sanli et  al. also achieved on-chip integration 
of high-performance kinoform lens for X-ray optics, bringing 
possibility to precise wavefront control of X-ray and efficiency 
optimization for harder X-ray.[489] For DOEs working at longer 
wavelength, based on the fractional Talbot effect, Jiang et  al. 
realized a flat nanofocalizer to convert the incident laser beam 
into a uniform subwavelength light spot array, with the full 
width at half-maximum only 0.82λ for a single focused light 
spot (Figure 9b).[490] To realize functions beyond the traditional 
ones, Wang et al. added blazed facets onto the phase elements 
of DOE, shifting the laser power into an off-axis direction. With 
this method, far-field projections from computer-generated 
holograms are free of the zero-order spot, and the shadowing 
effects are mitigated thus reaching a diffraction efficiency of 
≈ 86% (Figure 9c). The approach of sub-pixel level modification 
of DOEs can also be utilized in other precise wavefront shaping 
or detection applications.[136] Based on the lumped TPL para-
metric model, they also achieved near-perfect Dammann grat-
ings with millimeter scale and the corresponding diffraction 
efficiencies close to the theoretical limits, in addition with 0.4% 
zero-order spot power ratio and 1.4% nonuniformity of the 
laser spot array.[370] Kyriazis et  al. designed a DOE combined 
with a mode conversion up-taper onto a single-mode fiber, to 
realize 1–7 beam splitter and achieved increase of mode-field 
diameter by a factor of 2 (Figure 9d).[491] Mark et al. employed 
the diffraction effect of gyroid photonic crystal to realize chiral 
beam splitter.[269] With a hybrid solgel material, which can pro-
vide better optical quality, improved mechanical stability, higher 
damage threshold, and large solvent durability, Lightman et al. 
printed large scale DOEs that can form the incident beam into 
a predesigned manner.[492] Besides, Porte et al. proposed (3+1)D 
writing that is a single-step fabrication of graded-index optical 
elements with varied light exposure during 3D printing, real-
izing complex 3D RI distribution to manipulate wavefront. 
They demonstrated volume hologram and photonic waveguide 
with variation of RI ≈ 5×10−3.[471]

For structural beam, Zhou et al. realized mid-infrared vortex 
beam with a spiral phase plate at a wavelength range of 3.1–3.3 µm  
(Figure  9e).[493] Wang et  al. converted phase distributions of 
ideal Bessel beams with different topological charges into 
polymer phase plates, and realized zeroth- and higher order 
beams propagation-invariant up to 800 mm (Figure  9f).[494] 
Yu et  al. integrated a spiral zone plate onto the facet of a 
fiber to realize vortex beam with focusing efficiency over 
60% and vortex purity ≈ 86% at the wavelength of 1550 nm 
(Figure  9g).[495] Lightman et  al. printed two separate elements 
in one integrated device to realize vortex mode sorters. For both 
pure and mixed vortex beams with different topological charges 
in a bandwidth larger than 300 nm, the miniatured device can 
distinguish them easily (Figure 9h).[496] They also realized high-
order Bessel beam carrying OAM by fabrication of a twisted 
axicon and parabolic lens in an adapted fiber configuration.[497] 
The advantages of TPL, such as precise fabrication of arbitrary 
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surface topography, structural stability, compatible with dif-
ferent materials, fast prototyping, and easy cascading different 
functional elements, make it an ideal tool to explore the diffrac-
tive optics ranging from X-ray, visible band, infrared range, and 
beyond, thus be applied into augmented reality, virtual reality, 
diffractive neural network,[498,499] and optical computing.

5.2. Imaging Optics

With the ability to print the demanded complex 3D structures 
and smooth surfaces, convenient fabrication process, and com-
patibility with different substrates, TPL is especially applicable 
for lenses fabrication. Generally, lenses can be categorized 
into three types by the mechanisms and scales: refractive lens 
(macrolens, microlens), diffractive lens, and metalens. The per-
formance of TPL fabricated lenses is compatible with the ones 

manufactured by traditional methods, and in particular, with 
micro- and nanoscale features, additional functionalities can 
be brought in, hence this method has enormous potential for 
various applications in the area of imaging optics.

For refractive optics, microlens is considered to be the direct 
migration from macro- to micro- scale. From the regular single 
concave or convex lens[408,507,508] to a lens system,[459,461,509–511] 
researchers are able to create the miniaturized optical imaging 
devices and integrated them on to various imaging systems. To 
demonstrate the advantages of integration and one-shot fabri-
cation, endoscope and fiber imaging system are manufactured 
with the microlens system to achieve high quality imaging, the 
unique functionalities exceed the performance of original sys-
tems.[134,500,510,512] For example, Gissibl et al. built the aspherical 
multi-lens system to help correct the aberration and to provide 
a wide angle of view as shown in Figure 10a.[134] In Figure 10b, 
similarly, Li et al. explored how to reliably create the side-facing 

Adv. Funct. Mater. 2023, 2214211

Figure 9.  Diffractive structures for wavefront reforming applications. a) Wavefront error and design of the phase plate for X-ray. I. Residual wavefront 
error. II. Modeled phase error. III. Height profile of the phase plate. IV–VI. SEM images of the printed polymer phase plate. Reproduced under Optica 
Publishing Group Open Access Publishing Agreement.[488] Copyright 2022, the Authors, published by Optica Publishing Group. b) SEM image of the 
5 × 6 nanofocalizer, reconstructed intensity distribution at the wavelength of 750 nm, and normalized intensity distribution of one laser spot. Repro-
duced with permission.[490] Copyright 2021, Optica Publishing Group. c) Deflection of the energy distribution for different orders in Fourier plane with 
blazed hologram DOE, SEM images with 50° oblique view and experimental holographic images. Reproduced with permission.[136] Copyright 2019, 
Wiley–VCH. d) SEM images of the fan-out fiber beam splitter. Reproduced with permission.[491] Copyright 2022, SPIE. e) The top and 52° tilted SEM 
images of a 32 segments spiral phase plate, with a height difference of 6.2 and 120 µm diameter. Reproduced with permission.[493] Copyright 2022, 
Elsevier. f) Phase distribution for generating the second-order Bessel beam and measured height profile of the fabricated phase plate. Reproduced with 
permission.[494] Copyright 2022, Optica Publishing Group. g) SEM images of the nanoprinted kinoform spiral zone plates with topological charge −1 and 
1, respectively. Reproduced under Optica Publishing Group Open Access Publishing Agreement.[495] Copyright 2020, the Authors, published by Optica 
Publishing Group. h) SEM picture of the transformer and corrector elements, and a combined mode sorter integrated on a glass substrate. Reproduced 
under Optica Publishing Group Open Access Publishing Agreement.[496] Copyright 2017, the Authors, published by Optica Publishing Group.
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imaging optics as a function of optical coherence tomography 
(OCT) probe. Different from the single-element lens group, 
micro lens array plays an important role in the area from 
enhancement of CMOS and CCD sensors to compact imaging 
system.[459,511,513–517] Though, at the beginning, microlens array 
was essentially bio-inspired,[518] with the rapid development of 
TPL based 3D printing, researchers can create more vivid and 

more functional compound eyes or microlens array to realize 
better performance.[413,461,501,519] In Figure  10c, Kim et  al. real-
ized high-contrast and high-resolution imaging system on 
the CMOS.[413] Besides, inspired by the eagle eye, Thiele et  al. 
directly 3D printed the multi-lens array onto a CMOS image 
sensor to achieve a full FOV of 70° with an increased angular 
resolution as Figure  10d illustrates.[459] Other compound eye 

Adv. Funct. Mater. 2023, 2214211

Figure 10.  TPL-based 3D printed lens and imaging optics. a) SEM image of triplet lens objective on a fiber. Reproduced with permission.[134] Copyright 
2016, Nature Publishing Group. b) Schematic of OCT endoscope and microscope image of the total internal reflection mirror. Reproduced under terms 
of the CC-BY license.[500] Copyright 2020, the Authors, published by Nature Publishing Group. c) Schematic of the ultrathin arrayed camera. Reproduced 
under terms of the CC-BY license.[413] Copyright 2020, the Authors, published by Nature Publishing Group. d) CMOS image sensors with compound 
eye and detail of one of the groups on the CMOS. Reproduced under terms of the CC-BY license.[459] Copyright 2017, the Authors, published by Amer-
ican Association for the Advancement of Science. e) SEM image of a biomimetic apposition compound eye. Reproduced under terms of the CC-BY 
license.[501] Copyright 2021, the Authors, published by Nature Publishing Group. f) Schematic of GRIN lens. Reproduced under terms of the CC-BY 
license.[502] Copyright 2020, the Authors, published by Nature Publishing Group. g) SEM micrograph of the stacked triplet diffractive lens. Reproduced 
under Optica Publishing Group Open Access Publishing Agreement.[503] Copyright 2019, the Authors, published by Optica Publishing Group. h) SEM 
image of achromatic metafiber. Reproduced with permission.[504] Copyright 2022, Nature Publishing Group. i) SEM image of a hybrid achromatic met-
alens. Reproduced under terms of the CC-BY license.[505] Copyright 2022, the Authors, published by Nature Publishing Group. j) Refractive/diffractive 
apochromat consisting of IP-n162 (base) and IP-S (top). Reproduced with permission.[133] Copyright 2021, Optica Publishing Group. k) Aspheric lens 
with a diameter of 1mm and half-ball lenses with diameters of 1 mm and 2 mm, respectively. Reproduced under Optica Publishing Group Open Access 
Publishing Agreement.[465] Copyright 2020, the Authors, published by Optica Publishing Group. l) Schematic of diffractive lenses at the tips of fibers 
for counter-propagating optical tweezers. Reproduced with permission.[506] Copyright 2019, American Chemical Society.
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imaging system were further exploited by Dai et al.[501] and Hu 
et al.[461] as shown in Figure 10e. Dai et al. reported their micro-
fluidic-assisted 3D printed compound eye with full-color wide-
angle panoramic views and position tracking. Hu et al. designed 
the logarithmic profile ommatidia to solve the defocusing prob-
lems if people want to integrate the compound eye with a flat 
CMOS sensor. There are some other interesting works such 
as microscopy system,[509] super-resolution imaging,[520] single 
molecule imaging,[521] and color router imaging.[522] Except 
from the normal refractive lens, Gradient-index lens can also be 
fabricated by 3D printing by tuning the printing parameters in 
the microscale as shown in Figure 10f.[471,502]

In addition to the traditional refractive optics, researchers 
have also devoted themselves to the study of micro-level 3D 
diffractive devices. By stacking micro diffractive lens, Thiele 
et  al. presented doublets and triplets diffractive elements to 
have a large FOV in the visible range with fabrication time < 
15 min.[503] Not only in the visible, in Figure  10g. Sanli et  al. 
proposed a diffractive lens for on-chip integration of X-ray 
optics.[489] Limited to the current available materials, there are 
less works in other wavelength range except for the visible, 
infrared and X-rays, while it is quite easy to 3D print a mold 
thus transfer the lens profile with other suitable materials. In 
recent days, metalens has become popular due to its advantages 
like multi-function, ultrathin, and ultra-compact.[523] With the 
continuous improvement of high-resolution 3D printing tech-
nology, Ren et  al. designed a metalens that is located on the 
fiber end face to work for achromatic focusing,[504] as shown 
in in Figure  10h. They 3D printed the fiber tower and met-
alens together to employ the fiber meta-optics for widespread 
photonic applications. To determine the design parameters fast, 
Charles et al. proposed topology optimization to help to inverse 
design and fabricated a metalens with wide angle of view.[524] 
Size, material, and efficiency limitation pushed people for-
ward to seek for higher performance lens groups with the help 
of stack different type of lens or different material-composed 
lens. In Figure 10i, Balli et al. combined the multi-level diffrac-
tive lens with metalens to create a hybrid achromatic metalens 
with higher efficiency and broadband performance in the near-
infrared band. As depicted in Figure 10j, Schmid et al proposed 
a refractive/diffractive lens and the first time simultaneously 
combined the two different photoresists that is known as ach-
romatic doublet in the macro scale.[133] TPL based 3D printing 
always has one problem of low throughput that limits the size 
of the lens. Ristok et  al. overcame the previous limitations by 
use of large writing field and IP-Visio and fabricate a millimeter 
scale lens with uniform RI inside (Figure 10k).[465]

From microlens to metalens, from fiber integration to CMOS 
integrated imaging system, from 2D to 3D, TPL helps to unlock 
the new door to generate better quality images in various appli-
cation situations with a convenient fabrication process, which 
is extremely hard for traditional fabrication methods. It not 
only enables the miniaturization of optical system, but also 
helps to improve the imaging quality in medical, integrated 
circuits, quantum technology, bioanalytic, and so on. In addi-
tion, the application of lens not ends in imaging, it also brings 
more possibilities in collimation optics,[525] light trapping 
(Figure 10l),[506,526] light coupling,[527,528] structure light,[529] and 
auxiliary imaging.[530]

5.3. Fiber and Waveguide Optics

Optical fibers, due to their compact nature and high optical 
transmission, are extensively used in a variety of fields like 
telecommunication systems, imaging, coupling, and sensing 
applications.[531–535] Materials and fabrication methods avail-
able for manufacturing optical fibers have limited its achievable 
functionalities. The rapid growth of technology in the fields 
of communication and sensing has increased the demand for 
high performing optical fiber devices with multi-purpose func-
tionalities. Multi-core fibers for high efficiency multi-channel 
transmissions, micro-nano fibers, and fibers with special 
core shapes were developed to cater for specialized applica-
tions.[536–540] Micro-structures that are fabricated on fiber facets 
using the conventional subtractive techniques such as laser 
ablation,[541] polishing,[538] and chemical processes[542] tend to 
have rough surfaces and low strength. Developments in TPL 
made it possible to alter the fiber facet with a vivid range of 
optical components having high precision, flexibility, and a 
variety of printable polymers as the material choice. Due to its 
high fabrication accuracy, it has been widely used for various 
applications in photonics,[543–546] microfluidics,[163,547,548] and 
biomedicine.[549] Similar to the lab-on-a-chip technology where 
multiple laboratory functions are achieved on a single chip, the 
ability to integrate various microfluidic and photonic sensing 
devices on the facet of an optical fiber with TPL opened the 
endless possibilities of the lab-on-fiber technology. TPL enables 
the direct fabrication of fiber on chips with complex configu-
ration and design for communication, hence a full 3D printed 
chip system is promising with integrated sensing and pro-
cessing abilities.

Micro-optical components, when fabricated directly on the 
facet of an optical fiber allow for system integration with min-
imal signal loss. Conventional methods of integrating optical 
components on fiber facets like focused ion-beam milling,[550,551] 
laser micromachining,[552,553] and nano imprinting[554,555] 
are limited to realizable geometries and resolution. With the 
advancements in TPL, micro-optical components having com-
plex geometries could be realized with high resolution on 
fiber facets. Simple microlenses, when printed directly on the 
tip of optical fibers can render better performance for applica-
tions like imaging, particle trapping, illumination, and beam 
shaping. For example, a simple axicon lens printed on the tip 
of a single mode fiber (SMF) (Figure 11a) was one among the 
first demonstrations of printing on the fiber facets.[463] This 
axicon rendered a Bessel-like output beam profile from a nearly 
Gaussian profile of the SMF. Other simple structures like con-
vergent lenses and ring shaped phase masks were also dem-
onstrated with good optical performance.[529] Figure 11b shows 
collimating lenses of different diameters fabricated on a SMF 
that could achieve a transmission efficiency of ≈70%.[399] The 
transparency of the fabricated lenses, and smoothness of the 
surface is evident from the optical micrograph. The flexibility 
in printed geometry paved way for the integration of many crea-
tive optical designs on the fiber facets for various applications, 
which are otherwise difficult to fabricate. One such example is 
the compound lens design shown in Figure 11c. This compound 
microscopic objective lens consists of five different refractive 
surfaces. The integrated fiber system is inserted through a 
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small injection cannula for biological imaging applications. The 
ability of TPL to fabricate 3D structures on fiber facets could 

be extended beyond microlens systems. Intricate geometries, 
like chiral photonic crystal structures, can aid for wavelength 

Adv. Funct. Mater. 2023, 2214211

Figure 11.  Micro-optical structures with TPL on optical fiber facets. a) An axicon lens printed on an SMF facet. Reproduced with permission.[463] Copy-
right 2010, Institute of Electrical and Electronics Engineers. b) Collimating lens with different diameters on a SMF. Reproduced under terms of the CC-BY 
license.[399] Copyright 2016, the Authors, published by Nature Publishing Group. c) Colored SEM of compact multi-lens objective (blue) fabricated on 
SMF (red) and inserted into a cannula. Reproduced with permission.[134] Copyright 2016, Nature Publishing Group. d) Colored SEM of a twisted wood-
pile left-hand polarization structure (blue) with a solid supporting ring (green). Reproduced under terms of the CC-BY license.[399] Copyright 2016, the 
Authors, published by Nature Publishing Group. e) Diffractive phase plate for spatial intensity redistribution. Reproduced under terms of Optica Pub-
lishing Group Open Access Publishing Agreement.[556] Copyright 2016, the Authors, published by Optica Publishing Group. f) 3D printed SERS struc-
ture on an MMF. Reproduced with permission.[557] Copyright 2015, Wiley–VCH. g) Beam shaping elements (free-form lenses, free-form mirrors, and 
beam expanders) fabricated on chip and fiber facets. Reproduced with permission.[528] Copyright 2018, Nature Publishing Group. h) Optical guidance 
(top) and SEM image (bottom) of TPL printed anti-resonant hollow-core PCF and fractal ring core PCF. Reproduced under terms of Optica Publishing 
Group Open Access Publishing Agreement.[560] Copyright 2020, the Authors, published by Optica Publishing Group. i) SEM image of a 400 µm long 
waveguide with parabolic tapers for adiabatic transition from 15 to 2 µm cross-sections. Reproduced under terms of the CC-BY license.[561] Copyright 
2021, the Authors, published by IOP Publishing. j) Schematic of total internal reflection coupler attached to a nanophotonic circuit (top) and helium 
ion microscopy image (bottom) of fabricated coupler. Reproduced with permission.[563] Copyright 2019, Optica Publishing Group. k) SEM image of a 
polymer coupler attached to a silicon waveguide for angled coupling with optical fiber. Reproduced with permission.[564] Copyright 2019, AIP Publishing.
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separation and polarization control.[399] Figure 11d shows a left-
handed polarization control structure fabricated on the facet of 
a SMF for a design wavelength of 1550 nm. Numerous optical 
elements based on the mechanisms of reflection, refraction 
and diffraction can be realized using the sub-µm fabrication 
capabilities of TPL. Figure  11e shows a diffractive phase plate 
with a base ring and a diffractive element on the end of a SMF 
for beam intensity shaping.[556] The structure is fabricated in 
a ring-by-ring fashion with high resolution that enables the 
intensity distribution emerging from the SMF to be spatially 
redistributed. A core area of investigation in the field of lab-
on-fiber technology is to realize surface enhanced Raman scat-
tering (SERS) sensing based on optical fibers to achieve robust, 
flexible, and miniaturized tools for spectroscopic applications. 
Figure 11f shows a SERS radar structure composed of a spher-
ical SERS body and a parabolic mirror on a multi-mode fiber 
(MMF).[557] This SERS device is designed to have microscale 
trenches for larger surface area to get efficient interaction with 
analytes. Precise fabrication of these trenches and scales could 
be achieved due to the superior resolution and process control 
inherent to TPL.

Besides the ability to realize micro-optical components on 
individual fiber tips, it has also demonstrated the capability 
to fabricate optical structures for fiber-chip coupling sys-
tems.[558,559] One such demonstrations reported the fabrication 
of compact beam-shaping optical elements on the facets of both 
silicon photonic chips and optical fibers for chip-to-fiber and 
chip-to-chip coupling.[528] Figure  11g shows a variety of beam 
shaping elements like free-form mirrors, free-form lenses, and 
beam expanders fabricated on the chip facet and the fiber tip. 
The concept of such in situ 3D printing in a hybrid photonic 
multi-chip assembly system relaxes alignment tolerance and 
can be used for both edge emitting and surface emitting optical 
devices. Low loss single mode coupling compatible with passive 
alignment techniques was demonstrated in this work avoiding 
bulky on-chip mode converters.

Other than the integration with micro-optical components, 
in situ fabrication of stacked photonic crystal fiber (PCF) like 
segments to create an all-fiber integrated devices has also been 
demonstrated in other works.[560] Figure  11h shows two such 
structures: an anti-resonant hollow core PCF and a fractal 
ring core PCF. The anti-resonant structure with semi-elliptical 
structures and a central core guidance with a mode field diam-
eter (MFD) of 12.1 µm has been demonstrated. Structures like 
the fractal-ring core that can support annular ring modes are 
gaining interest due to their ability to support modes that can 
carry OAMs. The drawback of traditional PCF fabrication by 
drawing is that the final fiber cleaving step distorts the fiber 
structure. As TPL enables direct production of flat, perpendic-
ular, or angled output facets, this drawback is overcome. Other 
than conventional straight structures for guiding light, air-clad 
waveguides, tapers, and s-bends have also been investigated to 
minimize insertion-loss. Parabolic tapers that allow adiabatic 
transition over a short length (Figure  11i) has been demon-
strated with an insertion loss of < −1.7 dB.[561] Except from in-
plane edge and surface coupling schemes that occupies a larger 
spectrum of the research area, out-of-plane coupling based on 
total internal reflection of 3D structures have been achieved.[562] 
The total internal reflection couplers shown in Figure 11j exhib-

ited remarkable broadband coupling in the visible band with 
−3.1 dB insertion loss.[563] A hybrid coupling approach using 
a near-adiabatic-mode-converter is shown in Figure  11k. With 
TPL capabilities, continuous bending of the polymer waveguide 
can be achieved for angled coupling,[564] which are efficient for 
quantum source coupling,[565] fiber array,[566] even wafer-level 
test of photonic integrated circuits.[567] The couplers also can 
support wide optical bandgap, and have good alignment tol-
erance, making them a good choice for rapid prototyping of 
broadband photonic applications like spectrometers, second-
harmonic sources.

In addition to the processing on individual fiber facets, the 
ability to realize multi-fiber integrated optical system was also 
demonstrated by fabricating a compact scanning probe micro-
scope with integrated optical actuation.[568] High precision fab-
rication and processability of a variety of materials are the two 
key advantages unlocked by TPL process. Optical components 
fabrication on fiber tips relies on the high resolution of the 
printing process whereas TPL becomes advantageous for optical 
waveguide fabrication due to the properties of printable mate-
rials. Typical fiber optic devices like grating based sensors pose 
low sensitivity as the silica material used for the fabrication of 
such devices has low thermal expansion coefficients.[569–571] On 
the other hand, optical fiber sensors fabricated with TPL can 
ensure improved performance due to the better material prop-
erties of polymers used for printing. Investigations have been 
done mainly on the use of TPL for the fabrication of fiber Bragg 
gratings. Line type and helical fiber Bragg gratings have been 
fabricated for the RI measurement of liquids.[572,573] Devices 
like multimode interferometers have also been realized for 
temperature measurements,[574] and Fabry–Perot interferometer 
(FPI) with high sensitivity.[575–577] With complex functionalities 
evolving, the demand for microscale optical sensing, imaging, 
and optical manipulation is increasing. Optical fiber integrated 
with functional devices has great potential in this scenario. 
With the advancements in the TPL printing method and pro-
cessable materials, highly complex structures with different 
sorts of functionalities become possible, giving new dimen-
sions to the concept of lab-on-fiber.[315,578–583]

Furthermore, direct fabrication of fiber has also been inten-
sively studied as the RI contrast between polymer and air is as 
high as ≈0.5, similar to the traditional fiber made of silica.[584] 
3D spiral waveguide and suspended air-bridge waveguide have 
been demonstrated with submicron features and unique cou-
pling interfaces with bandwidth of 3 dB and coupling losses of 
1.6 dB. the waveguides support 56 Gb s−1 pulse amplitude mod-
ulation 4 high-speed data and 30 Gb s−1 nonreturn to zero.[585] 
The fabrication degree from freedom is not limited by spatial 
dimension, thus it’s convenient to make arbitrary non-planar 
topological photonic integrated circuits.[586,587] Moreover, fab-
rication of submicron waveguides through TPL in polymers 
like PMMA or PDMS is also realized.[587,588] With the bundle of 
photonic waveguides, deep neural network based optical image 
reconstruction has been demonstrated.[587] Combined with the 
optical interconnects,[589,590] and couplers,[591] along with the 
rapid development of photonic circuits and chips, all-optical 
devices capable of in-plane and out-of-plane coupling, signal 
collection and processing, are possible to be achieved in one 3D 
printing step.

Adv. Funct. Mater. 2023, 2214211

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202214211 by Singapore U
niversity O

f T
echnology A

nd D
esign, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2214211  (29 of 51) © 2023 Wiley-VCH GmbH

5.4. Color Optics

TPL is a feasible technique in structural color printing as it 
uses low-index dielectric materials to fabricate 3D structures 
that interact with light to produce color. These structures 
include nanopillars,[592–597] diffraction gratings,[598,599] photonic 
crystals,[432,600] microscale droplets,[601] and multi-layer biomi-
metic structures.[439–441] Arguably, nanopillars are the most basic 
structure to fabricate by TPL because their diameters are fixed 
by the lateral voxel size of the focused laser beam in the mate-
rial. Varying only the pillar height is able to cover a broad range 
of hues, serving as color filters in the visible spectrum that 
have several interesting purposes.[592] For example, full color 
and grayscale paintings have been achieved by varying several 
printing parameters (height, period, laser exposure time) of 
the nanopillars (Figure 12a).[593] By integrating the nanopillars 
onto phase plates, holographic color prints have been achieved 
(Figure  12b).[594] Moreover, combining nanopillars with micro-
lenses have also achieved colorful optical moiré effects[596] and 
light field prints (Figure  12c).[597] It is noteworthy that TPL is 
capable of directly fabricating integrated structures in a single 
print, which has not been realized in EBL.

The next basic structure in color printing is diffraction grat-
ings, which are commonly used to produce angle-dependent 
colors. Unlike other fabrication techniques, TPL enables full 
control over the grating geometry and can create more complex 
structures. A study on gratings with varying heights, periods, 
and orientations revealed multiple sets of hidden color infor-
mation under varying incidence angle and sample rotation 
angle (Figure 12d).[598] Moving up in complexity, another study 
used bigrating structures to examine their color characteristics 
under varying parameters (Figure 12e).[599] Most structures have 
a fixed geometry once they are fabricated, which leads to fixed 
colors. To overcome this limitation, a study demonstrated color 
tuning by stretching gratings embedded in a flexible PDMS sub-
strate and revealed distinct images along orthogonal stretching 
directions (Figure 12f).[485] Besides, the intrinsic property from 
the anisotropic nature of liquid crystal can be employed to gen-
erate polarization color.[602] The structural geometry can also 
be changed by using SRMs. Zhang et  al. demonstrated 4D 
printing of grid-like gratings in a shape memory polymer that 
appears colorless after heating and mechanical deformation, 
but the shape and color are recovered after heating.[114] This 
ability to tune colors after fabrication has potential applications 
in concealing secret information and anti-counterfeiting.[603] 
TPL can also print colorful arbitrary-shaped 3D objects using 
woodpile photonic crystals (Figure  12g,h).[600] However, it is 
challenging to achieve complete bandgaps in the visible spec-
trum due to the lateral resolution limit (≈ 500 nm) of TPL in 
low-index polymers (n  ≈ 1.55). To mitigate this challenge, Liu 
et. al. demonstrated a heat shrinking process that reduces the 
lattice constant to as small as 280 nm, producing slow light 
modes in the visible spectrum.[432]

A less common yet interesting structure that can be fabricated 
by TPL is microscale droplets. Goodling et  al. demonstrated 
that these droplets produce iridescent colors through multiple 
total internal reflections at the concave interfaces (Figure  12i). 
Using interference assisted TPL, other researchers also demon-
strated multi-layer biomimetic structures that produce similar 

colors found in butterflies (Figure  12j).[440,441] Related to struc-
tural colors are spectrometers that measure reflectance or 
transmittance as a function of wavelength. Since traditional 
spectrometers are large and bulky, TPL is a viable solution to 
fabricate miniature spectrometers (100 × 100 × 300 µm3) oper-
ating in the visible region (Figure 12k).[604] Single-photon detec-
tors operating in the infrared region have also been fabricated 
by TPL.[605]

As seen so far, TPL offers the capability to fabricate complex 
3D structures for color printing. However, it has a drawback of 
low throughput due to its serial patterning process that takes 
long hours to print an area spanning a few millimeters. In 
future works, the throughput can be significantly improved by 
parallel TPL systems or molding with nanoimprinting for mass 
production.[349,606]

5.5. Topological Optics

Originating from quantum physics,[607,608] bound state in the 
continuum (BIC) describes the localized states in the con-
tinuum of spatially extended states (Figure 13a), however, have 
no channels coupling to far field radiation.[609,610] Analogous 
to electrons, BIC has also been achieved in many photonic 
system, gratings,[611] optical waveguides,[612] photonic crystal 
slabs,[613] single dielectric antenna,[614] and metasurfaces,[615,616] 
to name a few. Although the true BIC is optically inaccessible, 
the real existence of the “true” BIC can be examined by elec-
tron energy loss spectroscopy.[617] Slightly deviating from the 
ideal condition, the quasi-BIC holds ultrahigh quality factors 
and finds many applications in lasing,[618] nonlinear enhance-
ment,[619] edge detection,[620] and biosensing,[615,616] etc.

Limited by low RI contrast and relatively large feature size 
compared with EBL, TPL is yet to be fully explored in the field 
of BIC.[609,621] However, TPL still holds advantages over tradi-
tional CMOS compatible fabrication techniques, due to the fast 
and cost-effective fabrication, large throughput, and especially 
the extra freedom dimension of height, which makes it easy to 
break the out-of-plane symmetry.[622] Currently, TPL related BIC 
are mostly reported in short and middle infrared ranges, exhibit 
plasmonic BIC modes when coated with metal.[622–624] Com-
bining the advantages of both plasmonic structures and dielec-
tric BIC antennas, the plasmonic BIC phenomenon realized 
high Q-factor and strong field enhancement simultaneously, 
pave the way for next-generation optical sensing and sponta-
neous emission.[615,622,625,626]

As shown in Figure  13b, the quasi-BIC mode gradually 
appears when nanostructures coated with gold are illuminated 
with oblique incidence. Similar as the plasmonic nanoantenna, 
the field enhancement is as high as 10 000 times, meanwhile, 
the high Q-factor is remained.[621] The radiation decay rate can 
be further engineered equal to the intrinsic loss and the perfect 
absorption condition is achieved, showing a near unity absorp-
tion at this quasi-BIC mode. Moreover, such perfect absorbers 
can be realized under full stokes polarization conditions by fine 
tuning the parameters of a diatomic metasurface.[623] To further 
enhance the light intensity under microscope objectives and 
break the low-NA limit[627] to excite surface lattice resonances 
(SLRs), a hybrid was designed and fabricated using TPL. 
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Figure 12.  Structural colors and spectrometer fabricated by TPL. a) Full color and grayscale paintings comprising nanopillars. Reproduced with permis-
sion.[114] Copyright 2021, American Chemical Society. b) Holographic color prints comprising integrated nanopillars and phase plates. Reproduced under 
terms of the CC-BY license.[594] Copyright 2019, the Authors, published by Nature Publishing Group. c) Light field prints comprising integrated nanopil-
lars and microlenses. Reproduced under terms of the CC-BY license.[597] Copyright 2021, the Authors, published by Nature Publishing Group. d) Hidden 
color images in diffraction gratings with varying geometric parameters. Reproduced with permission.[598] Copyright 2022, American Chemical Society. 
e) Full color reproduction from bigratings. Reproduced with permission.[599] Copyright 2022, Wiley–VCH. f) Color tuning by directional stretching of 
diffraction gratings. Reproduced with permission.[485] Copyright 2022, Wiley–VCH. g) Colorful 3D object made of woodpile photonic crystals. Repro-
duced with permission.[600] Copyright 2022, American Chemical Society. h) Reduced lattice constant by heat shrinking of woodpile photonic crystals. 
Reproduced under terms of the CC-BY license.[432] Copyright 2019, the Authors, published by Nature Publishing Group. i) Iridescent colors produced 
by microscale droplets. Reproduced with permission.[601] Copyright 2019, Nature Publishing Group. j) Color replication in multi-layer biomimetic struc-
tures. Reproduced with permission.[440] Copyright 2019, Optica Publishing Group. Reproduced with permission.[441] Copyright 2021, American Chemical 
Society. k) 3D-printed spectrometer for measurements in the visible region. Reproduced under terms of the CC-BY license.[604] Copyright 2021, the 
Authors, published by Nature Publishing Group.
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Figure 13.  Applications of 3D TPL printing in BIC photonics and topological photonics. a) Schematic figure of bound states in the continuum. Repro-
duced under terms of the CC-BY license.[610] Copyright 2019, the Authors, published by De Gruyter. b) Perfect absorbers with plasmonic BIC modes. 
Reproduced with permission.[621] Copyright 2020, American Chemical Society. c) Three types of diatomic perfect absorbers under full-stokes polarization 
illumination. Reproduced with permission.[623] Copyright 2021, American Chemical Society. d) Angle-dispersion less hybrid anisotropic metasurface 
with plasmonic BIC modes. Top panels are the SEM figures of the hybrid anisotropic metasurface, bottom panels are reflection spectra illuminated 
with focused beam with different NAs. Reproduced with permission.[624] Copyright 2021, American Chemical Society. e) Plasmonic BIC metasurfaces 
by breaking the out-of-plane symmetry. Right panels: absorption and Q-factors in under-, critical-, and over-coupling regimes. Inset: SEM figures of the 
plasmonic BIC metasurface. Reproduced with permission.[622] Copyright 2022, the Authors, published by American Association for the Advancement 
of Science. f) Fabricated chiral woodpile photonic crystal with charge-2 Weyl point. g) Angle resolved reflection spectrum of the chiral woodpile in (f). 
Figure 13f,g is reproduced with permission.[658] Copyright 2020, American Physical Society. h) Fabricated gyroid photonic crystal with type I photonic 
Weyl point. Red box: SEM images with observation direction of [010], Blue box: SEM images with observation direction of [-101]. Top panels: as printed 
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Angular dispersion of such plasmonic BIC modes is removed 
and verified under focused beams with different NAs.[624] The 
out-of-plane symmetry can be easily broken by using the 3D 
TPL and the high Q-factor plasmonic BIC is thus possible 
under normal incidence.[622] Through the control of radiative to 
intrinsic losses ratio, under-, critical-, and over-coupled regimes 
are explored corresponding to negative, no, or positive modula-
tion induced by the analyte. This breaks the longtime misun-
derstanding that the optical sensing should be most sensitive at 
the critical coupled condition, where the electric field enhance-
ment is the highest.[622]

Similar as optical BIC dates from quantum mechanics, 
topological photonics are inspired by topological insulators in 
condensed matter physics.[628–631] In mathematics, topology 
deal with continuous deformations of geometric objects and 
the topological invariant in process.[632–635] Just as the name 
suggest, topological photonic system is robust against struc-
tural disorders, fabrication imperfections, and scattering 
losses, unless the topological invariant or topological phase is 
changed.[630,633,634] Although topology has been well investigated 
in various photonic system, such as, photonic crystals,[636–639] 
optical waveguides,[640] metamaterials,[628,632] particles,[641] 
optical cavities,[642] coupled resonators,[643] silicon photonics 
and optomechanics,[630] 3D TPL printing enable topological 
photonics exotic and unique properties, which is hard to realize 
in 2D system.[632,633,644–657]

Extending topological phenomenon from 2D photonic 
crystals to 3D version, charge-1 and charge-2 Weyl points 
are observed experimentally in direct printed photonic crys-
tals (Figure  13f,g)[658] or coated 3D printed photonic crystals 
(Figure 13h).[659] Because of the mathematical analogy between 
the paraxial approximation of the Helmholtz equation and the 
Schrodinger equation,[630,633] photonic waveguide system can 
be used to examine Floquet topological phenomenon,[660,661] by 
introducing artificial gauge fields (AGFs) and treating the wave-
guide axis z as time varying dimension (Figure 13i). Based on 
the directly printed waveguides with RI modulation by differing 
laser powers[470,472] or the infiltrated waveguides by printing 
the inverse waveguides array, the robust Floquet edge states 
(Figure  13i),[662–664] generalized Snell’s law at the boundary 
between two regions with different AGFs (Figure  13j),[665] 
OAM dependent Aharonov–Bohm-caging effect are realized 
elaborately (Figure 13k).[643,666,667] Furthermore, the time evolu-
tion along the waveguide axis can be directly observed by dis-
solving fluorescent dye into the infiltration material, exhibiting 
a quantum-walk like dispersion.[668] The non-Hermitian physics 
and PT symmetry can be explored by selectively infiltrating the 
waveguide holes with gain and loss materials.[669] Excitingly, 
topological photonics with real quantum states can also be real-
ized by introducing nanodiamonds with a nitrogen-vacancy 

(NV) center in 3D TPL printing.[670] The field of TPL printing 
related topological photonics and BIC related photonics is 
still newborn, but rapidly growing with cutting-edge physical 
concepts.[671–674] It is expected that the burgeon of topological 
or BIC photonics will rely more on the TPL based fabrication 
techniques.

5.6. Quantum Optics and Optical Storage

Quantum optics is a fast-growing field that was evolving from 
laser development and their miniaturization, via optical combs 
and metrology, photon entanglement and quantum informa-
tion processing celebrated in several Nobel prizes. Light-matter 
interaction in small volumes comparable with wavelength λ3, 
single photon emitters, spin-orbital momentum control and 
its application in opto-mechanical systems are other traits of 
this broad field. The application potential of quantum optics is 
broadly explored in various kinds of sensors and in this par-
ticular area of engineering research, the 3D fs-laser printing 
is becoming increasingly important. Polymerization of micro-
optics is a very appropriate topic for the year-2022 of glass 
(UNESCO). Control of voxel size down to ≈ λ3 volumes under 
tight focusing and even stronger localization via ENZ state 
enhances shallow energy deposition into a skin depth, opens 
a new toolbox for nano-micro volume modification and fabri-
cation. Micro-optical elements, lenses, photonic crystals, DOEs 
and their hybrids, circular polarizers, spin-orbital couplers, etc., 
can all be miniaturized and combined with optical fibers[474] 
and imaging devices.[508,675] Photonic wire bonding (PWB) is an 
exact example of a 3D laser polymerization technology transfer 
to solve on-a-chip integration challenges for micro-lasers couple 
to waveguides and optical circuits. Inherent 3D capability of 
laser writing has brought new functionalities for tapering 
polymerized photonic links to single-mode fibers and control 
of the propagation phase via exact length in the bond.[558] Col-
lecting light from single-photon emitters is another miniaturi-
zation and integration task that can be fulfilled by 3D TPL.[676] 
Active opto-electronic elements for focusing and polarization 
control have been demonstrated using 3D laser polymerization 
and metasurfaces.[677]

3D printing speed of sub-wavelength sized voxels is now 
approaching 10 MHz by implementing combined exposure with 
light-sheet and DLW.[190] Printing of nano-emitters on demand 
at sub-wavelength resolution and to build up 3D structures is 
also demonstrated showing the principle of photo-chemical 
control of photo-modification using 3D laser writing.[678] 3D 
TPL printing, which started in 1990s with quest for high-resolu-
tion is becoming now a highly productive method for quantum 
optics applications, where utmost demanding precision and 

Adv. Funct. Mater. 2023, 2214211

gyroid photonic crystal, bottom panels: the polymer is uniformly coated with a high-n Sb2Te3. Reproduced with permission.[659] Copyright 2018, Wiley–
VCH. i) Robust edge states in photonic Floquet topological insulators. Left: SEM image of the Floquet topological insulator with spiral waveguide array 
inside. Right: experimental results of light intensity at the edge of the Floquet topological insulator. Reproduced under terms of the CC-BY license.[662] 
Copyright 2017, the Authors, published by IOP Publishing. j) Generalized Snell’s law at two different photonic artificial gauge fields’ interface. Left: 
fabricated waveguides structures. Right: simulation and experimental results of the refracted and reflected lights in momentum space. Reproduced 
under terms of the CC-BY license.[665] Copyright 2020, the Authors, published by Nature Publishing Group. k) OAM dependent Aharonov–Bohm effect 
in Floquet topological insulators. Incident beam with OAM value equals to 1 repeats the light intensity in a manner like “Talbot effect” instead of dis-
persion. Reproduced under terms of the CC-BY license.[667] Copyright 2020, the Authors, published by Nature Publishing Group.
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resolution is required for fabrication of micro-optics with high 
collection efficiency of photons and functioning at low level 
photon counts (light intensity) within small sub-wavelength vol-
umes. It has a promising industrial future with the incoming 
quantum computing and quantum communications.[676]

Similarly, optical data storage also requires the confine-
ment of light-matter interaction in a small volume for high 
density information memory. Using visible or infrared wave-
lengths at the diffraction limit, information with density of 
108 bits cm−2 can be stored with conventional 2D optical data 
storage. TPL enables the possibility to store information in 
3D. In an early work, Stricker and Webb experimentally dem-
onstrated the storage density can be as high as 1012 bits cm−3 
with TPL based printing.[679] They first prepared an ≈ 100 µm 
thick photopolymer film and irradiated it with ≈3 mJ cm−2 of 
UV light to prevent distortion. Then using a 100 femtosecond 
and ≈620-nm-wavelength laser, 3D stacks of data were written 
inside the film. The 3D data were read by successively imaging 
each of the data planes using differential interference con-
trast microscopy. Later, Cumpston et  al. developed a class of 
π-conjugated initiators that exhibit large TPA cross section, 
and demonstrated 3D data storage that permits fluorescent and 
refractive read-out.[680] These initiators offer low polymerization 
thresholds, high efficiency for the activation of radical polym-
erization, which are critical in 3D data storage. Makarov et  al. 
developed a theoretical model of an 3D optical storage system 
with 100 MHz repetition rate and 100 fs pulse duration in a 
large number (≈1000) of stacked layers.[681] They demonstrated 
that with detector shot-noise-limited readout signal-to-noise 
ratio >4 and minimum 100 MHz data access rate, the least 
intrinsic TPA cross section σ2≈103 GM of the chromophores 
is required. To further increase the TPA efficiency, Yanez et al. 
reported new photosensitive polymeric systems that has TPA 
cross sections as high as 1550 GM and demonstrated a storage 
density capacity of 1.8 × 1013 bits cm−3.[682] Integrating other 
optical properties such as different polarization states,[683] and 
focal intensities of a writing beam,[684,685] OAM of light,[686,687] 
higher dimensional optical storage is feasible.[688]

5.7. Dynamic Optics and Optical Robots

3D printing with SRMs is also known as 4D printing. Com-
bining with the features of stimuli-response and nano-/micro-
scale TPL fabrication, the produced structures have attracted an 
increasing research interest in applications of dynamic optics/
nanophotonics and optical microrobots.[689]

The dynamic optic and nanophotonic properties are attrib-
uted to the controllable structural deformation under external 
stimuli.[690,691] The SMRs are the key to induce such deforma-
tions, such as shape memory polymers,[114] LCE,[159,692–697] and 
ionogels have been reported.[116,698] By now, several kinds of 
dynamic optic/nanophotonic elements have been developed, 
and most of them were used for visual effects related applica-
tions, such as structural color and hologram. Zhang et al. devel-
oped the first shape memory polymer for TPL 4D printing with 
sub micro feature size (Figure 14a).[114] Wang et  al. reported 
the dynamical holograms using shape memory polymers. As 
an improvement to their previous work,[114] they reported an 

improved recipe to enhance the stiffness of the printed shape 
memory polymer, resulting in 5.2 GPa storage modulus at 
room temperature. The high stiffness made the material suit-
able for structures with a high aspect ratio. Nanopillars with 
different heights were printed to generate the phase differ-
ence for transmittance light. The hologram was observed on 
the printed structure and can be concealed on the deformed 
state under stress, while recovered by overcoming the van der 
Waals force after heating. Florea et  al. achieved the humility-
responsive structural transformation using a LCE photonic 
photoresist.[692] The as-printed LCE are static and can be 
changed to switchable post-treatment by cleaving the hydrogen 
bonds (Figure  14b). Later, they further developed a responsive 
ionogel by using ionic liquids as a solvent in the photoresist,[116] 
and demonstrated that the printed structures have different 
responses to different vapors of isopropanol, ethanol, and 
water. Pozo et al. also reported a LCE photoresist responsive to 
temperature (Figure 14c).[159] Wiresma et al. realized light con-
trol of the beam steerer with photo-responsive liquid crystalline 
network,[545] which changes from an ordered nematic to a disor-
dered arrangement under suitable irradiation, inducing a global 
structural change. They produced a grading structure to gen-
erate diffraction patterns, and the patterns could be controllable 
when projecting an extra laser from a tilting angle (Figure 14d). 
Besides direct printing the responsive materials, TPL can also 
be used to make solid molds to produce replica using respon-
sive materials. Ruan et  al. reported the TPL-fabricated relief 
structures to produced stretchable PDMS-based replica.[485]

With the advantages of TPL 3D printing, various micro-
robots with sizes ranging from hundreds of micrometer to 
submicron have been fabricated,[699–701] whose action can be 
controlled by acoustic, biohybrid, optical, magnetic, chemical, 
thermal, and electric methods.[701] For optical controlled ones, 
also called light-powered microrobots,[699–702] the commonly 
used materials for TPL are liquid crystals[145,703] and poly (N-iso-
propylacrylamide) (PNIPAM),[144] of which both can swell and 
shrink in response to the photothermal effect. Wiersma et  al. 
reported the first light-powered TPL-fabricated microrobot,[145] 
which has 1 soft orthogon body and 4 hard cone legs. The body 
and legs were made of LCE and IP-Dip, respectively by a mul-
tistep printing step. Under optical irradiation, this robot can 
move due to the reversible contraction (up to 20%) behavior of 
the LCE-based body, which is sensitive to photo-induced local 
heating (Figure  14e). To control the microrobot walking direc-
tion on the polyimide-coated glass is relatively harder than on 
a clean glass or a grating substrate due to the rough surface 
of polyimide, which induces significant friction fluctuations. 
Martella et  al. also developed a hand-like microrobot with 
LCE that can catch small objects under laser irradiation either 
onto the microrobot itself or the vicinity of the targeting object 
(Figure  14f).[703] PNIPAM is also widely used for the optical 
microrobots. Bastmeyer et  al. developed the 3D hetero-micro-
structures using the responsive PNIPAM and the passive pen-
taerythritol triacrylate (PETA).[144] Based on such design prin-
cipal, they proved that a microbeam made of such a bi-layer 
structure can be bent in a programmable way under laser irra-
diation (Figure 14g). Beyond the responsive materials, there are 
several works reported that the introduction of plasmonic Au 
nanocrystals to promote both the photothermal and mechanical 
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performance (Figure  14h),[704,705] and magnetic nanoparticles 
could be used for electromagnetic control of the composite 
photoresist.[706–710]

6. Challenges and Perspective

Though TPL has been widely used and has inspired various 
optical applications, its potential is far from fully explored. 
The advances in modern optics and photonics demand further 
developments in TPL fabrication techniques, along with the 
development of functional materials, manufacturing methods, 
and characterization approaches.[711,712] The crucial step of TPL 
is in the light-matter interaction between ultra-short-pulsed 
lasers and resin, hence a deeper understanding of the under-
lying mechanisms will help us design unique photopolymers 
for particular applications.[150,678,713,714] For example, with 

high-efficiency radical quencher[715] and photoinitiators,[184,716] 
also customized monomers, proximity effects can be sup-
pressed and mechanically stable 3D structures with feature 
size < 50 nm are possible, even toward 10 nm for chip-scale 
applications. To more efficiently modulate light, materials with 
high RI > 1.7 are required to bring functions comparable with 
EBL-based 2D metasurface,[717,718] further minimize the ele-
ments,[719] and also take another spatial degree of freedom into 
design. Post-processing-based RI improvement methods, such 
as doping-induced low surface roughness, pyrolysis-induced 
deformation and enhanced absorption can be avoided. Fur-
thermore, the dispersion engineering is important to extend 
the appliable wavelength band beyond the visible range to UV, 
near infrared, and even middle and long infrared.[470,720–723] 
However, the RI mismatching during the exposure process 
should be considered for fine structure fabrication. Photoresists 
with higher transparency are also required for better optical 

Adv. Funct. Mater. 2023, 2214211

Figure 14.  Dynamic optics and optical robots. a) An SMPs structural color demo made of 13 × 13 patches in its I) original, II) compressed, and III) 
recovered states. Reproduced under terms of the CC-BY license.[114] Copyright 2021, the Authors, published by Nature publishing group. b) Micrographs 
that display the optical response of a printed flower upon exposure to breath and after. Reproduced with permission.[692] Copyright 2020, American 
Chemical Society. c) Optical images of LCE printed 3D woodpile (top) and spiral disk (bottom) microstructures’ temperature response. Reproduced 
under terms of the CC-BY license.[159] Copyright 2022, the Authors, published by Wiley–VCH. d) Operating scheme and optical diffraction pattern with 
the laser control beam on and off respectively for structured optical structures printed by liquid crystalline networks. Reprinted with permission.[545] 
Copyright 2018, Wiley–VCH. e) Optical image of A 60 × 30 × 10 µm3 with the laser off and on respectively.[145] Copyright 2015, Wiley–VCH. f) Laser 
activated grabber. I) The hand is placed close to a microcube, activated with a green laser, then grabbing the microcube from a fiber tip. II) The same 
effect demonstrated with a LCN made block.[703] Copyright 2017, Wiley–VCH. g) I) Scheme of bi-material hetero-structures. II) Optical images of a 
bi-materials beam with light on and off. Reproduced under terms of the CC-BY license.[144] Copyright 2019, the Authors, published by Nature Pub-
lishing Group. h) I) SEM images of bilayer helices containing Au nanocrystals and PNIPAm gel, respectively. II) Phase-contrast images of the original,  
300 ms exposed, and 500 ms exposed bilayer helix and soft monolayer helix. Reprinted with permission.[704] Copyright 2020, American Chemical Society.
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performance, for example, IP-Dip shows a tint of light yellow, 
thus lower transmittance than IP-Visio, while the former is 
more suitable for high-resolution fabrication. In addition, con-
ducting polymers are promising for various applications such 
as solar energy, flexible optoelectronics, and bio-optoelectronics. 
Carbon nano tubes,[724,725] and silver nanowires[388] were doped 
into the photoresist, but the induced scattering and absorp-
tion hampered the further use for nanoscale optical applica-
tions. With electric conductive polymer precursors,[726–729] and 
the nanoscale printing ability of TPL, 3D nanostructures with 
optical transparency and high conductivity may change the 
research of photo-electronic circuits. Moreover, biocompatible 
photoresists based on materials such as chitin,[730] cellulose[731] 
could enable the implantation of 3D printed optical devices. 
Environment-sensitive and environment-friendly optical ele-
ments made of degradable materials like chemo-selectively 
cleavable photoresists,[732] light-stabilized dynamic materials,[733] 
and exposure degradable bimane group photoresists,[734] bring 
more possibilities for security labels and sensing. Other photo-
responsive materials can be used for active optics and optical 
robots, such as precise medical operations.[735,736] Furthermore, 
optical opaque photoresists can enhance the imaging contrast 
of lens,[737] while optically clear yet radiopaque photoresists can 
enhance the contrast under X-ray computed tomography.[738]

Regarding the femtosecond laser beam, there has been much 
progress in the development of focus modulation methods in 
TPL for plenty of applications. However, several challenges 
remain and much more can be done to unlock the full poten-
tial of TPL for optics and photonics.[739] More developments 
should focus on the device development industry, as AOEs 
used for focus modulation in TPL require higher resolution 
(pixel size of SLM or DMD), faster reconfigurable speed, and 
larger pixel numbers. It can be envisaged that the paralleliza-
tion of a laser beam with distinct focus intensity can be utilized 
in more research areas about light-matter interaction, such as 
two-photon holographic microscopy. Additionally, optimization 
algorithms to generate the CGH (phase or amplitude pattern) 
are still needed, though series of work has been done in this 
field, the power of artificial neural networks or ML needs to be 
fully utilized for efficient wavefront detection and modulation 
of the focus in TPL. Further developments are also expected 
in the material field, where the varied novel materials can be 
applied for TPL under different focusing conditions,[174] pro-
viding a larger scope for the utilization of focus modulation in 
TPL.

With the shaping of laser beam,[740–742] optical elements with 
super smooth surface can be realized with grayscale lithog-
raphy by modulating the intensity of laser for each voxel on the 
surface, avoiding slicing-induced defects.[267] The local control 
of beam intensity also provides a powerful tool to change the 
material properties such as the RI and the transmittance via 
polymerization ratio, thus introducing inhomogeneous and 
engineering the interaction between the structure and light.[470] 
Tuning the laser exposure dose and polymerization also affects 
the mechanical properties such as the swelling ratio[158,743] and 
modulus,[361] which are useful for the design and fabrication 
of active optical devices.[744–746] For industrial manufacturing, 
multiple parallel beams with precise alignment, resonant-scan-
ning two-photon microscope,[747] three-mirror laser scanning 

holographic lithography system[748] have been developed toward 
high-speed centimeter scale superfine 3D TPL printing.[749,750] 
Besides, by choosing appropriate negative or positive photore-
sists,[113,481,751–753] the molding process for 2.5D structures can 
be significantly accelerated by combining with nanoimprinting, 
stepping forward to wafer-scale manufacturing. Combining 
one- and two-photon polymerization is also a feasible way for 
photonic integration.[754] Moreover, with the recent development 
of cw laser polymerizable photoresists,[755–757] cost-effective and 
high-power 3D TPL printing systems may bring new possibili-
ties for industrial mass production, and also minimization into 
highly integrated equipment.[758]

In addition, multimaterial printing is promising as different 
parts of the structure can be fabricated and integrated within 
one step for multifunctional applications.[759] For example, 
microfluidic chamber can be integrated into the commercial 
TPL system to inject different resins to the printing plate,[646] 
or MEMS stencil patterning can be combined for multimate-
rial fabrication.[760,761] Different materials can also be introduced 
in the post-processing steps, for example, non-transparent parts 
can be fabricated onto the TPL printed structures by an inkjet 
printer to form a dark shell and an aperture for integrated 
miniature spectrometer.[604] To reduce the usage of materials, 
printing with a wrapped lens is a simple way while maintaining 
the high resolution.[762] Furthermore, other novel techniques 
like microfluidic-assisted 3D printing,[501] sacrificial-scaffold-
mediated TPL,[763] and mask-assisted double-sided TPL[764] 
could be used for specific optical element fabrications.

For fabricated transparent 3D structures that are < 100 
micrometers in size and have characterizable feature sizes of < 1 
micrometer, there is still a need for convenient characterization 
methods. It relates to non-destructive measurements that do 
not require tampering with samples, such as applying a reflec-
tive coating for reflective profilometry or conductive coatings 
for SEM imaging. Advanced optical methods are gaining atten-
tion and are being developed rapidly and for easy use: white 
light interferometry-based geometry analysis for feature and 
surface characterization is becoming the tool of choice, while 
the in-plane resolution still does not fulfil requirements.[399,765] 
In addition, advanced microscopy-based wavefront sensor tools 
are becoming available that can directly measure optical path 
differences at 1 nm resolution, thus can characterize RI varia-
tions in both bulk and surface.[766–768] obtaining more precise RI 
than the traditional ellipsometry.[469] Moreover, internal material 
properties in terms of birefringence are also becoming acces-
sible.[769] The general outlook is that advanced tools that can 
be implemented as augmentations to classical and widespread 
bright field transmission microscopes will become more wide-
spread. The high speed optical equipment such as optical dif-
fraction tomography,[770] and X-ray computed tomography[771] 
offering non-destructive and 3D characterization of the pro-
duced object is also of critical importance for the advancement 
of the TPL technique.

With the ≈ 25-years development, the application of TPL 
has been involved in almost all the aspects of optics and pho-
tonics, along with the innovation of materials and techniques. 
From discrete elements to integrated systems,[772,773] from chip-
scale to wafer-scale, the pursuit of structural precision, sur-
face smoothness, bulk uniformity, optical transparency, etc. of 
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optical elements never ceased. Following the continuous steps 
on expanding TPL application scenarios, the incoming burst to 
employ this powerful tool to investigate the light-matter interac-
tion will sustainably invigorate the field, and further accelerate 
the optical and photonic research.
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